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tional materials and is commonly described 

as the origin of cutting-edge technology in society, 
while understanding the physics of their properties 
plays a key input role in designing new materials. In 
this year’s activities on physics and materials science, 
we highlight novel studies that provide a picture of 
the variety of materials being investigated in exper-
iments on crystal structure and electronic structure 
using synchrotron radiation at NSRRC. These articles 
discuss the role of order/disorder effects in an Fe-
based superconductor Fe1±xSe, targeted control of 
multiferroic order in BiFeO3 films using an optical 
laser, a plasma-assisted molecular-beam epitaxial 
method for developing spin functionality on doping 
Mn into non-polar III-V GaN, and how potassium in-
tercalation in a transition-metal dichalcogenide leads 
to decreased dimensionality and band quantization 
in 1T-HfTe2. These results present an interesting mix-
ture of basic and applied research studies undertaken 
in material science and condensed-matter physics at 
NSRRC in the past year. (by Ashish Atma Chainani)

Physics  
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T he control of mutiferroicity at room tempera-
ture is a very important challenge for realizing 

devices which can be used in everyday applications. 
In a recent multinational study led by Yi-Chun Chen 
and Jan-Chi Yang (National Cheng Kung University), 
their team succeeded to optically control multiferroic 
order in BiFeO3(BFO) thin films.1 As explained in the 
study, the control of ferroelectricity, ferromagnetism 
and ferroelasticity is a non-trivial challenge because 
of the large mismatch in energy scales between the 
different types of order parameters and the incident 
photons which can be used for device applications. 
The authors overcame this difficulty by using laser 
illumination to manipulate the multiferroic order in 
mixed phase BiFeO3 films at room temperature.

The authors used a combination of experimental 
techniques such as optical modulation (Fig. 1), piezo 
force microscopy, Raman spectroscopy, photoemis-
sion electron microscopy (PEEM) as well as phase field 
simulations to show that BiFeO3 films exhibit a laser 
induced flexoelectric effect which allowed a targeted 
formation of specific domains. The authors further 
showed that they could precisely control a sequential 
laser writing and erasure of different domain patterns 

Fig. 1: Optical modulation of the highly strained BFO thin film. 
(a) Experimental set-up of a double-stage green-laser-
based (532 nm) illumination system, in which an attenu-
ation-adjustable neutral density filter (ND filter) is used 
to offer precise control on the laser intensity. (b) Topog-
raphy image of an as-grown mixed-phase BFO thin film. 
(c) The topography image of the same area after light 
illumination shows a clear phase redistribution of T-BFO 
and R-BFO phases. The white square indicates the illumi-
nated area. [Reproduced from Ref. 1]

Fig. 2: Soft X-ray polarization dependent spectra at Fe L2,3-edges. (a) The experimen-
tal geometry where the incidence beam is depicted as a green arrow and the 
yellow arrows for the E of the light. (b)−(e) Experimental and calculated spectra 
for the T-phase (b)−(c) and R-phase (d)−(e) of BiFeO3 thin film. [Reproduced from 
Ref. 1]

Optical Control of Multiferroicity
Successful control of multiferroicity at room temperature using an optical laser.

at room temperature.

An important part of the study 
was to identify the two types of 
structures, namely, tetragonal 
(T-phase BFO) and rhombohedral 
(R-phase BFO) structures in the 
mixed phase BiFeO3 films, which 
could be achieved by careful soft 
X-ray polarization dependent 
X-ray absorption studies for inves-
tigate X-ray linear dichroism (XLD), 
which was carried out at the TPS 
45A.

The authors investigated the dif-
ference in the magnetic properties 
between the T-phase BFO and the 
R-phase BFO thin films at room 
temperature using polarization 
dependent X-ray absorption spec-
troscopy (XAS) at the Fe L2,3-edge. 
The incident light polarization was 
varied from vertical to horizontal 
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polarization using the measured geometry as shown 
in Fig. 2(a), and the experimental results are present-
ed in Figs. 2(b)–2(e). The red lines show the spec-
trum measured with the E vector of the incident light 
perpendicular to c-axis, defined as LV, and the blue 
lines show the spectrum for E parallel to the axis 20° 
away from c-axis (see Fig. 2(a)), defined as LH. The 
linear dichroism spectra, defined as LV–LH, are shown 
as the brown dots in Figs. 2(b)–2(e). The XAS and 
linear dichroism spectra show clear line shape differ-
ences between the T-phase BFO and the R-phase BFO 
thin films.

Furthermore, the experimental spectra were simulat-
ed by configuration interaction cluster calculations. 
The calculated polarization dependent XAS and 
linear dichroism spectra are shown just below the 
experimental spectra in Figs. 2(b)–2(e). In particular, 
the magnetic exchange interaction between two Fe3+ 

ions was taken into account as a fitting parameter 
of Hex (magnetic exchange energy). The authors thus 
showed that for the T-phase BFO the experimental 
XAS spectra and linear dichroism spectrum could be 
nicely reproduced by the calculation with Hex = 0 meV, 
whereas for the R-phase BFO, Hex needs to be as large 
as 25 meV. This result directly indicates that the Néel 
temperature, TN, of the T-phase BFO thin film is much 
lower than that of the R-phase BFO thin film, and is 
close to room temperature. This result corroborates 

that the stronger contrast area in the XLD-PEEM im-
age is from the R-BFO among the mixed phase stripes 
after laser illumination. Thus, the present study could 
demonstrate that the magnetic properties of mixed 
phase BFO thin films can be manipulated by optical 
lasers. The authors conclude by saying that “optical 
control of multiferroicity not only offers an effective 
approach to tailor the ferroic orders in complex ma-
terials, but also a distinct direction towards techno-
logically important applications, such as non-volatile 
random access memories and data storage devices”. 
(Reported by Ashish Chainani)

This report features the work of Yi-Chun Chen, Jan-Chi 
Yang and their colleagues published in Nat. Mater. 18, 
580 (2019). 

TPS 45A    Submicron Soft X-ray Spectroscopy
•  X-ray Absorption Spectroscopy, X-ray Linear Dichroism
•  Materials Science, Condensed-matter Physics

Reference
1. Y.-D. Liou, Y.-Y. Chiu, R. T. Hart, C.-Y. Kuo, Y.-L. 

Huang, Y.-C. Wu, R. V. Chopdekar, H.-J. Liu, A. Tana-
ka, C.-T. Chen, C.-F. Chang, L. H. Tjeng, Y. Cao, V. 
Nagarajan, Y.-H. Chu, Y.-C. Chen, J.-C. Yang, Nat. 
Mater. 18, 580 (2019). 

Doping-Induced Dimensionality Reduction and 
Band Quantization
Potassium intercalation in a transition metal dichalcogenide leads to dimensionality reduc-
tion and band quantization in a transition metal dichalcogenide 1T-HfTe2. 

T he reduction of dimensionality of a bulk solid from a 3-dimensional (3D) structure to a quasi 2-dimensional 
(2D) structure is known to lead to exotic physical properties of materials. Well-known examples of the emer-

gence of novel physical properties in quasi 2D systems include massless Dirac fermions in graphene1 and the 
quantum Hall effect in semiconductor heterostructures.2 Sometimes, a 3D-to-2D crossover can lead to very large 
changes in physical properties, as exemplified by a drastic increase in the superconducting transition tempera-
ture in monolayer FeSe,3 which is linked to the modification of its electronic band structure. In general, 2D sys-
tems are very sensitive to external stimuli like strain, charge doping, electric field, etc. and hence the engineering 
of band structure is more feasible in quasi 2D systems.

In this highlight, we discuss a simple and useful approach to control the dimensionality and electronic structure 
on the surface of the transition metal dichalcogenide (TMD) 1T-HfTe2 reported by a Japan-Taiwan collaboration. 
Using angle-resolved photoemission spectroscopy (ARPES) for visualizing the band structure of 1T-HfTe2, the au-
thors first showed that the pristine bulk compound is a typical semimetal with hole and electron pockets at the Γ 
and M points in the Brillouin zone. Very surprisingly, upon potassium intercalation induced doping, the authors 
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could show that the original 3D electronic structure 
in bulk pristine 1T-HfTe2 converts into a quasi 2D 
electronic structure. Intriguingly, while the observed 
valence-band (VB) structure in pristine HfTe2 is well 
reproduced by band calculations for bulk HfTe2, the 
bands in lightly and heavily K-dosed HfTe2 are con-
sistent with calculated bands for trilayer, bilayer and 
monolayer HfTe2, respectively. The results provide di-
rect evidence for dimensionality reduction and band 
quantization driven by K intercalation in 1T-HfTe2.4

Figures 1(a) and 1(b) show a comparison of ex-
perimental band dispersions between the pristine 
(ne = 0.02) and heavily K-deposited (ne = 0.19) HfTe2 
samples. In addition to a doping-induced shift of the 
electron pocket at the M point, the data show anom-
alous changes which cannot be explained within a 
simple rigid-band scheme. For example, in the ne = 
0.02 sample, the authors observed three hole-like 
bands centered at the Γ point. On the other hand, 
only two hole-like bands exist in the ne = 0.19 sample. 
This is confirmed by momentum distribution curves 
(MDCs) in the bottom panels of Figs. 1(a) and 1(b). 
As shown in Figs. 1(a) and 1(b), while a relatively flat 
band at EB ~2.6 eV appears to shift downward upon 
K deposition, a new M-shaped band emerges slightly 
above this band (EB ~2.5 eV) in the ne = 0.19 sample. 
To clarify the origin of the band structure, the authors 
compared the experimental band structure for ne = 
0.19 with the calculated band structure for bulk and 
monolayer HfTe2, respectively, as shown in Figs. 1(c) 
and 1(d). It was found that the calculated band struc-
ture for monolayer HfTe2 shows a good agreement 
with the experimental band structure (except for the 
electron pocket at the M point), while the calculated 
band structure for the bulk shows some disagree-
ments, such as the location of the hole-like bands 
and the absence of the M-shaped band. This result 
showed that the original bulk-like band dispersion is 
“converted” into the monolayer-like band dispersion 
upon K deposition. Such a change to the monolay-
er-like behavior was also confirmed by performing 
photon-energy-dependent ARPES measurements 
that showed a finite energy dispersion along kz in 
the pristine (ne = 0.02) sample (Fig. 1(f)), consistent 
with the band calculations (Fig. 1(e)), in contrast to 
absence of kz dispersion in the ne = 0.19 sample (Fig. 
1(g)). 

To gain insight into the origin of observed dimension-
ality change, the authors investigated the evolution 
of electronic states for different K-deposition times, 
ne. The ARPES data for a series of ne are shown in Figs. 
2(a)–2(d). The results confirmed that the number of 
bands change between ne = 0.02 and 0.19, reflecting 
the dimensionality change. The results also showed 

Fig. 1: (a)−(b) VB-ARPES intensity along the MΓK cut measured 
at hν = 85 eV for ne = 0.02 and 0.19, respectively. Bottom 
panel shows the MDC at EB = 1.3 eV (dashed line in the 
top panel), with k position of bands indicated by arrows. 
Comparison of EDC at the Γ-point between ne = 0.02 
(dashed curve) and 0.19 (solid curve) is also shown in 
(b)−(d). First-principles band-structure calculations for 
bulk (kz = 0) and monolayer, respectively, compared with 
the ARPES intensity for ne = 0.19 (same as (b) but plotted 
with grayscale). Calculated bands were shifted down-
ward by 700 and 925 meV, respectively. (e) Calculated 
band structure along the Γ-A line for bulk HfTe2. (f)−(g) 
Normal-emission ARPES intensity as a function of hν and 
EB for ne = 0.02 and 0.19, respectively. [Reproduced from 
Ref. 4]

that the 2D nature of electronic states is more or 
less established at ne = 0.19 and further K deposition 
simply leads to extra electron doping with a small 
constant shift of the overall band structure to higher 
binding energies. The authors propose a plausible 
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explanation for the observation of monolayer-like band dispersion for ne = 0.19 and 0.25, namely, the K atoms 
get intercalated into the van der Waals gap of HfTe2 layers and cause a dimensionality reduction. Besides the 
monolayer-like feature, the authors also found evidence for a multiple staging from stage two to stage three tak-
ing place at the surface of a single sample which gives rise to the emergence of several quantized bands in the 
lightly K-deposited regime (ne = 0.05).4 This finding is of particular significance since it experimentally demon-
strates that the dimensionality of the electronic states (in other words, staging of the intercalation) at and near 
the surface can be systematically and easily controlled by the simple K-deposition technique. (Reported by Ashish 
Chainani)

This report features the work of Takafumi Sato and his collaborators published in Phys. Rev. Mater. 3, 071001(R) 
(2019).

TLS 21B1    U90 – (CGM)  Angle-resolved UPS
•  Angle-resolved Photoemission Spectroscopy
•  Materials Science, Condensed-matter Physics

References
1. K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. I. Katsnelson, I. V. Grigorieva, S. V. Dubonos, A. A. Firsov, 

Nature 438, 197 (2005). 
2. K. V. Klitzing, G. Dorda, M. Pepper, Phys. Rev. Lett. 45, 494 (1980). 
3. Q. Y. Wang, Z. Li, W. H. Zhang, Z. C. Zhang, J. S. Zhang, W. Li, H. Ding, Y. B. Ou, P. Deng, K. Chang, J. Wen, C. L. 

Song, K. He, J. F. Jia, S. H. Ji, Y. Y. Wang, L. L. Wang, X. Chen, X. C. Ma, Q. K. Xue, Chin. Phys. Lett. 29, 037402 
(2012). 

4. Y. Nakata, K. Sugawara, A. Chainani, K. Yamauchi, K. Nakayama, S. Souma, P.-Y. Chuang, C.-M. Cheng, T. Ogu-
chi, K. Ueno, T. Takahashi, T. Sato, Phys. Rev. Mater. 3, 071001 (R) (2019).

Fig. 1: (a)–(d) Second derivative of VB-ARPES intensity measured at hν = 85 eV for various samples with different K-deposition time, la-
beled by ne. (e) Expanded view of area enclosed by red rectangle in (b). Red dots are experimental band dispersions estimated 
from the peak position of EDCs. (f)–(h) Calculated band structure for bulk, trilayer, and bilayer HfTe2, respectively. The hole-like 
bands at lower EB are not shown for clarity. (i) Schematic view of the evolution of band structure with K intercalation. [Repro-
duced from Ref. 4]
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Create a Dancing Hall for Pairing Superconducting 
Quasiparticles
In BCS-style s-wave superconductors, Cooper pairs are often likened to dancing couples who 
circle each other. Clarifying the effect of extra Fe for paring quasiparticle with high resolution 
powder X-ray diffraction can enable to resolve the origin of superconductivity in Fe-pinictides.

C uprates and Fe-based high Tc superconductors 
turn superconducting when their parent com-

pounds are properly doped. The similarity of these 
superconductors, in which superconductivity emerges 
with the suppression of competing phases, has cre-
ated the possibility for a unified picture of high tem-
perature superconductivity. Iron-based superconduc-
tors have either FeAs or FeSe layers, just as the CuO2 
layers are the crucial ingredients for superconduc-
tivity. It is generally believed that the quasi-2D char-
acteristics of these active layers and the proximity to 

magnetically ordered states induce superconductivity 
via unconventional pairing in these high Tc materials. 
However, the parent compounds of the Fe-pnictide 
superconductors are metallic with spin-density wave 
antiferromagnetic order and with complex underly-
ing electronic structure. This fact, in contrast to the 
Mott insulators in the cuprates, establishes an import-
ant difference between cuprates and pnictides.

Earlier studies of FeSe superconductor considered this 
material to be Se deficient so that the exact super-
conducting stoichiometry was Fe1.01Se. Superconduc-
tivity in FeSe was found to be closely associated with 
a structural transition, which accompanies a strongly 
enhanced spin fluctuation near Tc. More spectro-
scopic studies suggested modification of the d-or-
bital-induced pseudogap might be the cause for the 
structural distortion, which is essential for supercon-
ductivity. Later studies indicate that there exists a par-
ent compound, which in contrast to having excess Fe 
is actually Fe deficient and is a Mott insulator. These 
observed facts might strongly indicate superconduc-
tivity emerges as Fe vacancy becomes disordered.

To understand the origin of Fe vacancy to supercon-
ductivity in Fe-pnictide superconductors, Maw-Kuen 

Fig. 1: Evolution of the temperature-dependent X-ray powder diffraction pattern of (a) K1.9Fe4.2Se5. Refined lattice parameters of 
K1.9Fe4.2Se5 is displayed in (b). The disordered phase shows that the c axis is compressed, and ab plane is expanded. (c) shows the 
schematic of mix structure, which includes both ordered and disordered phases. [Reproduced from Ref. 1]
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Wu (Academia Sinica), Hwo-Shuenn Sheu (NSRRC), 
Jey-Jau Lee (NSRRC) and their teams investigated the 
effect of annealing conditions to superconductivity 
better.1 With high-resolution X-ray diffraction (XRD) 
techniques and in situ high-temperature dependent 
measurements at TPS 09A, TLS 01C2 and TLS 17A1, 
authors investigated a detailed systematic study on a 
series of samples with stoichiometry K2-xFe4+ySe5 with 
varied annealing temperatures. The XRD pattern and 
relevant magnetic susceptibility of three K2-xFe4+xSe5 
samples with x ranging from 0.1 to 0.2 were mea-
sured. With reducing K content, no diamagnetic 
signal was observed in K1.8Fe4.2Se5, so superconductiv-
ity might originate from this extra KzFe2Se2 phase. In 
addition, diamagnetic signal in K1.9Fe4.2Se5 disappears 
for an annealing and quenching process at 650 °C, 
but has high volume superconducting signal. Because 
the X-ray diffraction patterns for both samples are al-
most the same, that implies there are more subtleties 
regarding the correlation between crystal structure 
and superconductivity in this system. 

To solve the puzzle of the effect of possible Fe vacan-
cy, detailed XRD diffraction pattern with temperature 
dependent condition was conducted for the first time 
in excess-Fe K1.9Fe4.2Se5. A transition from the Fe va-
cancy order to disorder state occurred at 275 °C from 
the measured temperature dependent X-ray power 
diffraction pattern. Below the transition temperature, 
the material exhibits clearly the Fe vacancy order of 
I4/m symmetry with √5 × √5 superlattice; and above 
the order temperature, the crystal symmetry seems 
to fit well to I4/mmm symmetry. The data for sam-
ples were found to best fit with two different sets of 
parameters, one with Fe vacancy ordered and the 
other disordered Fe vacancy, under the same I4/m 
symmetry. Based on the above observations, one 
might expect even in the stoichiometry 245 sample 
to observe that Fe atoms occupied the empty 4d site 
if the sample has been treated at high-enough tem-
perature so that Fe atoms could hop around, which 

maintains the crystal lattice (size) and plays a key role 
for the emergence of superconductivity. Based on 
experimental observations, authors can further con-
firm that superconductivity in K2-xFe4+ySe5 is not due to 
the impurity phase K0.5Fe2Se2, but can also attribute to 
the random occupation of Fe atom in the lattice. This 
discovery suggests that a subtler high-temperature 
structural distortion might be closely related to the 
appearance of superconductivity.

In summary, Wu demonstrated a first time detailed 
X-ray diffraction experiment over a wide range of 
temperature, he showed that the superconducting 
K2-xFe4+ySe5 samples with excess Fe atoms exhibit the 
same structure with I4/m symmetry throughout the 
whole temperature range. The experimental result 
reveals that the presence of impurity phase associ-
ated with the I4/mmm symmetry, actually were the 
signatures of the original empty Fe-4d sites occupied 
by the excess Fe atoms. The occupation of the Fe-4d 
site and an eventual more random distribution of the 
Fe atom are critical to the emergence of supercon-
ductivity. The finding provides further evidence that 
the random occupation of the original vacant site is 
the key to superconductivity in Fe-pnictide supercon-
ductors. (Reported by Cheng-Maw Cheng).

This report features the work of Maw-Kuen Wu, Hwo-
Shuenn Sheu, Jey-Jau Lee and their collaborators pub-
lished in Proc. Natl. Acad. Sci. USA 116, 1104 (2019).

TPS 09A  Temporally Coherent X-ray Diffraction
TLS 01C2  SWLS – X-ray Powder Diffraction
TLS 17A1  W200 – X-ray Powder Diffraction
•  High Resolution Powder X-ray Diffraction
•  Materials Science, Condensed-matter Physics

Reference
1. C.-H. Wang, C.-C. Lee, G.-T. Huang, J.-Y. Yang, M.-J. 

Wang, H.-S. Sheu, J.-J. Lee, M.-K. Wu, Proc. Natl. 
Acad. Sci. USA 116, 1104 (2019).
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Incorporating Spin Functionality in Non-Polar Op-
toelectronic Devices
The important role played by Mn valence states in deciding the magnetic properties of 
non-polar nitrides which was lacking in previous reports related to other transition metal or 
rare-earth doped non-polar III-nitrides.

E nabling spin polarized current in compound semiconductors would aid in the development of hybrid de-
vices, where logics, communications, and information storages are synergized on a single device. Diluted 

ferromagnetic semiconductors (DMSs) have been studied for the last 30 years. The applications of such DMSs in 
optoelectronic devices would generate left or right circularly polarized light which is needed for encrypted com-
munication systems. Gallium nitride (GaN) based optoelectronic devices have achieved great success in the last 
decade in solid state lighting, but the next challenge for these semiconductors is to develop a spin light emitting 
diode (LED) or a spin laser. One way suggests that coating with metal oxide nanoparticles could help in creating 
circularly polarized light. Another alternative way is to design ferromagnetic spin filters which could then be in-
corporated into existing LED manufacturing technology. Room temperature ferromagnetism has been observed 
in these semiconductors. This coupled with the strong spin life time could enable the injection of spin polarized 
carriers into III-nitride based spintronics LEDs by designing appropriate spin filters or spin aligners. Also it would 
be advantageous if one could incorporate spin filters or spin aligners into such non-polar LEDs to emit circularly 
polarized light. This would necessitate the development of non-polar diluted magnetic semiconductors.

Typically inducing ferromagnetism in GaN involves doping with transition metal (TM) or rare earth (RE) elements. 
In most cases, manganese (Mn) is the most preferred dopant. However, based on the valence state of Mn in GaN, 
one can get ferromagnetic ordering for Mn+3 or antiferromagnetic ordering for Mn+2. Thus controlling the va-
lence state of Mn is critical. 

To ascertain whether nonpolar nitrides can be transformed into a DMS, Li-Wei Tu (National Sun Yat-sen Univer-
sity) and Cheng-Maw Cheng (NSRRC) studied the physical properties of epitaxial thin films grown by plasma-as-
sisted molecular beam epitaxy (PAMBE), which is a very well established method for the growth of high-quality 
GaN:Mn thin films and nanostructures.1 Holistic approach was taken to understand the structural, chemical, 
magnetic, and transport properties of m-plane GaN:Mn thin films grown on m-plane (100) Al2O3 substrates by 
PAMBE. With high resolution X-ray photoemission spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) 
conducted at TLS 08B1 and TLS 20A1, the authors found that the Mn doping level governed by the growth 
temperature was a key role in creating nonpolar DMS. Two growth temperatures were studied. Samples grown 
at low temperatures (LT) show high Mn content but the Mn is in mixed valence states leading to antiferromag-
netic ordering. A high temperature growth (HT), on the other hand, reduces the Mn doping level but leads to 
homogeneous Mn valence state showing room temperature ferromagnetism. 

To identify the valence of Mn doping, the Mn 2p core levels for both HT and LT samples were studied by XPS. 
In HT samples, only two peaks for Mn 2p3/2 and Mn 2p1/2 were observed at 641.63 and 657.18 eV, suggesting 
that the only valence is Mn+3 in HT samples. In contrast, in the LT samples, four peaks were observed, two peaks 
located at 638.52 and 649.35 eV could be attributed to Mn+0 valence state, while the remaining two located at 
640.95 and 654.05 eV originated from Mn+2 valence state. For further confirmation of Mn valence state, X-ray 
absorption near edge spectra (XANES) were carried out for HT, LT, undoped GaN and standard MnO samples. For 
the Ga L-edge, there is hardly any change in the line shape implying that the Ga has the same crystal structure for 
all the three samples. For the N K-edge, the HT and undoped samples show similar features but LT sample show 
some shoulder peaks as marked by arrows, indicating that the local structure near the nitrogen has changed. 
Author also compared the Mn L-edge in LT and HT samples to a standard MnO sample. As seen in Fig. 1(c), the 
Mn L-edge for LT sample matches the MnO signal indicating that the Mn+2 is present inside the film. This comple-
ments the XPS data indicating that Mn+2 is present through the bulk and the surface of LT and HT samples. How-
ever, the lack of Mn+0 in XANES but the presence in XPS indicates that the surface of LT sample has MnGa alloys 
precipitates. For HT sample, the signal intensity is very low due to the low doping. The peak position is close to 
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Fig. 1: (a)−(c) XANES for the Ga, N, and Mn regions. [Reproduced from Ref. 1]

the standard sample, yet the overall shape is not the same suggesting this peak to be slightly different from Mn+2. 
Comparing the result of magnetization for both HT and LT samples, HT samples from the MBE growth method 
shows that magnetizations in samples are an order of magnitude higher. In LT sample, it has a much wider hys-
teresis. As mentioned the wider hysteresis would indicate a hard ferromagnetic material, but the moment is two 
orders of magnitude lower than that of HT sample suggesting it is from the secondary phase. The origin of this 
small moment could be due to the small uncompensated ferromagnetic phase which is typically present in the 
MnGa alloy, as observed from XPS result.

In summary, Tu et al., demonstrated room temperature ferromagnetism in nonpolar, m-plane manganese doped 
gallium nitride (m-GaN:Mn) epitaxial thin films. These were synthesized using plasma-assisted molecular beam 
epitaxy on nonpolar, m-plane sapphire (Al2O3) substrates. Tu points out that the doping level of Mn plays a key 
role in stabilizing the valence state of Mn ions thereby influencing the magnetic and transport properties. Chem-
ical characterization by XPS and XAS affirms homogeneous valence state Mn+3 in lightly doped samples, while 
higher doping levels cause a heterogeneous Mn+0 and Mn+2 mixed valence states. Magnetic measurements indi-
cate that films with low doping levels show the signature of room temperature ferromagnetism, while films with 
higher doping show antiferromagnetic/spin glass behavior besides the presence of MnGa alloys. The findings 
suggest the possibility of incorporating spin functionality in non-polar optoelectronic devices. The impact of this 
work highlights the important role played by Mn valence states in deciding the magnetic properties of non-po-
lar nitrides which was lacking in previous reports related to other transition metal (TM) or rare-earth (RE) doped 
non-polar III-nitrides. (Reported by Cheng-Maw Cheng).

This report features the work of Li-Wei Tu and his collaborators published in Appl. Surf. Sci. 473, 693 (2019).

TLS 08B1  BM – AGM
TLS 20A1  BM – (H-SGM) XAS
•  X-ray Absorption Spectroscopy 
•  Materials Science, Condensed-matter Physics

Reference
1. P. V. Wadekar, C. W. Chang, Y. J. Zheng, S. S. Guo, W. C. Hsieh, C. M. Cheng, M. H. Ma, W. C. Lai, J. K. Sheu, Q. Y. 

Chen, L. W. Tu, Appl. Surf. Sci. 473, 693 (2019).



X -ray absorption spectra recorded at ambient wa-
ter vapor reveal more practical structural trans-

formation of hydrated amorphous calcium carbonate 
(ACC) to crystalline calcite. Chun Chung Chan heated 
hydrated ACC sample in the presence of water va-
por and a revised path of formation was found from 
hydrated ACC  disordered nano-calcite  biogenic 
calcite. Organic photovoltaics with improved carrier 
extraction efficiency can be an answer to cheap solar 
energy. Dun-Yen Kang demonstrated the critical role 
of activation methods in controlling the structural 
topology and unravels the unique adsorption and 
permeation properties of Zn-AIP-AZPY owing to its 
structural flexibility. They conducted powder XRD 
measurements in situ on Zn-AIP-AZPY and expected 
to facilitate the development of flexible MOF in sep-
aration applications. An aromatic bio-chromophore 
under UV irradiation was found to possess a spin-flip 
path to compete with the well known ππ*/ πσ* coni-
cal intersection. Chien-Ming Tseng observed compet-
itive ISC of aniline against relaxation paths via CI is a 
novel aspect of aromatic chromophores containing 
coupled PES. An asymmetric ligand based on 1,4-ben-
zene- dicarboxylic acid (H2BDC) with spaced distance 
of para –COOH and a unique crystalline material, 
Zn2PO4, were utilized to synthesize a new compound 
with high thermal stability. The existence of both sur-
face and interior –COOH groups collectively induced a 
lamella-to-nanorod transformation. (by Chen-Lin Liu)

Chemical 
Science
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Fig. 1: Schematic figure of ISC, CI, and ISC as well as the corresponding data from crossed-molecular-beam machine. [Reproduced 
from Ref. 3]

Relaxations of a UV-Excited Bio-Chromophore
An aromatic bio-chromophore under UV irradiation was found to possess a spin-flip path to 
compete with the well known ππ*/ πσ* conical intersection.  

A fter absorbing an ultraviolet (UV) photon, a bio-chromophore 
initiates complicated mechanisms to relax the photon energy 

through electronic-nuclear coupled motions. At particular excitation 
wavelengths, the photon energy could be dissipated into heat to 
prevent decomposition; in other cases, that energy might trigger 
an evolution to form new molecules after a sequence of chemical 
reactions. Such a decisive selection criterion provided by UV light 
has determined the molecular architecture of life at the beginning 
of biogenesis. The intrinsic molecular mechanism shown in Fig. 1, 
internal conversion (IC) of UV-excited aromatic units between elec-
tronically excited ππ*, πσ* and ground states through conical inter-
sections (CI), is a particularly intriguing problem for understating 
excited potential-energy surfaces (PES, i.e., resulting from the forces 
responsible for binding atoms into a molecule) and nonadiabatic 
dynamics in multi-dimensional nuclear coordinates (i.e., the energy 
flow via electronic-nuclear coupling). Since about year 2000, consid-
erable concern has arisen over the strong effect of the repulsive πσ* 
state along X–H (X: N, O, S) bonds in aromatic molecules. In NSRRC, 
by applying a novel time-selected photofragment translational 
spectroscopic (TS-PTS) method to aniline, we report an unexpected 
dissociation channel mediated by triplet states, which competes 
with the reaction path via ππ*/πσ* CI. 

Shih-Huang Lee (NSRRC), Yin-Yu Lee (NSRRC), Chi-Kung Ni (Aca-
demia Sinica) and Chien-Ming Tseng (National Chiao Tung Universi-
ty) recently modified the universal crossed-molecular-beam machine 
using synchrotron vacuum-ultraviolet light as an ionization source 
to the new TS-PTS method.1 They investigated the dynamics of 
photodissociation of phenol, the chromophore in amino-acid tyro-
sine, determining the distributions of translational energy and the 

TLS 21A1 Schematic of the apparatus for 
time-selected PTS. [Reproduced from Ref. 3] 

branching ratios of the phenoxyl radi-
cals produced in states X, A and B with 
no background from undissociated hot 
molecules.2 Here, by TS-PTS, they un-
ambiguously provided the first experi-
mental observation of the distribution 
of translational energy in triplet-state 
dissociation of aniline unhindered by a 
background of multiphoton dissocia-
tive ionization affecting conventional 
methods as shown in Fig. 2.3
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Fig. 2: (a)−(j) Distributions of translational energy for the H-atom elimination channel 
at 248 nm as a function of the pump laser position. Magenta and blue dashed 
lines represent two rapid components; a red dashed line represents the slow 
component. [Reproduced from Ref. 3] 

Fig. 3: TR-PIY of aniline upon excitations at (a)−(b) 241 nm, (c)−(d) 248 nm and (e)−(f) 250 nm. The black circles in the upper panel, (a), 
(c), and (e), and the lower panel, (b), (d), and (f), are experimental measurements of ion yields using a probe laser beam at 266 
and 355 nm, respectively. [Reproduced from Ref. 3] 

They confirmed intersystem crossing (ISC) by time-resolved photoion yields 
(TR-PIY)3,4 with selective probing of the population changes of S1 and trip-
let states as shown in Fig. 3. They uniquely combined TS-PTS and TR-PIY to 
elucidate the relative ionization cross sections of S1 and triplet states at 266 
nm, thus demonstrating a determination of the branching fractions, excit-
ed-state lifetimes and rates of ISC upon excitation at a few wavelengths. 
These data will be useful for comparisons with theoretical calculations. 

The characteristics discovered in 
this research indicate that the 
competitive ISC of aniline against 
relaxation paths via CI is a novel 
aspect of aromatic chromophores 
containing coupled PES. They pro-
vided the first direct experimental 
evidence of such multifurcation 
dynamics (ISC vs. CI, and IC in Fig. 
1) occurring along with the re-
pulsive πσ* state in the aromatic 
systems. These results open an 
alternative new understanding 
of the excited-state dynamics of 
aniline. This work should hence be 
of interest to a broad readership, 
including those studying nona-
diabatic dynamics, spin-orbital 
coupling and photochemistry 
in the excited states of aromatic 
molecules. (Reported by Chien-
Ming Tseng, National Chiao Tung 
University)

This report features the work of 
Chien-Ming Tseng and his collab-
orators published in J. Chem. Phys. 
151, 141101 (2019).
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TLS 21A1  U90 – (White Light) Chemical Dynamics
•  Photofragment Translational Spectroscopic
•  Molecular Science, Chemistry, Gas phase, Photo-

chemistry, Excited-state Reaction Dynamics
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New Insight into the Structure of Biogenic  
Amorphous Calcium Carbonate
X-ray absorption spectra recorded at ambient water vapor indicates that the structural trans-
formation of hydrated amorphous calcium carbonate (ACC) to crystalline calcite is more in-
volved and contains a heretofore overlooked step of nano-calcite formation.

A mong six polymorphs of calcium carbonate (CaCO3), amorphous calcium carbonate (ACC) is the least stable 
and transforms rapidly into a crystalline calcium carbonate polymorph such as calcite or aragonite. ACC 

constitutes a main ingredient in seashell creatures such as urchins, corals, mollusks etc., and is an important pre-
cursor phase of biogenic calcite. Researchers have been motivated by this so-called biomineralization in which 
living organisms, especially micro-organisms, can convert organic substances to inorganic derivatives, to design 
functional materials for multiple applications. 

ACC in at least two distinct forms, viz., types 1 and 2, relevant to the formation of biogenic calcite are postulated 
based on the study of the growth of sea-urchin larval spicules. ACC of type 1 has been unequivocally assigned 
to hydrated ACC, whereas the assignment of ACC of type 2 to anhydrous ACC is still under debate. During the 

Fig. 1: Ca L edge X-ray absorption spectra of ACC acquired under ultrahigh vacuum (a), 
and under water vapor at pressure 0.4 mbar equivalent to 1.3% relative humidity 
(b). Two major features (L3 and L2) are separated by a spin-orbit interaction about 
3.2 eV; each spin-orbit component is further split by crystal-field splitting (CFS) 
into two lines about 1.2 eV apart, yielding a smaller shoulder peak at the side of 
less photon energy. A careful analysis of the CFS parameters based on refined 
curve fitting provides revealing insight into the structural transformation of ACC. 
[Reproduced from Ref. 1]

spicule growth, the ACC is precipi-
tated from mineral-rich sea water 
at the growth location and then 
dehydrates into the transient ACC 
of type 2 that transforms further 
into calcite, namely, ACC•H2O 
(type 1) – ACC (type 2) – biogenic 
calcite. This path, although cor-
rectly describing the dehydration, 
provides no indication about the 
minute structural difference be-
tween ACC of these two types.

X-ray absorption spectra (XAS) 
recorded at the Ca L edge pro-
vide useful information about a 
change of the metal–ligand bond-
ing environment, as experienced 
by the central Ca atoms during the 
course of a phase transformation 
of ACC from hydrated to crystal-
line form. This technique is hence 
powerful in addressing the struc-
tural transformation. Moreover, 
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Fig. 2: CFS splittings of Ca L2 and L3 absorptions extracted from 
the spectra shown in Fig. 1. The filled symbols represent 
the data acquired under UHV (Fig. 1(a)); the open ones 
denote the data at RH 1.3% (Fig. 1(b)). The blue, green 
and red colors represent the temperature range in which 
the samples corresponded to hydrated ACC, anhydrous 
ACC and calcite in the TGA-DSC measurements. Also 
marked on the figure are the data corresponding to four 
other samples: type-2 ACC, biogenic calcite,2 commercial 
nano-calcite, synthetic micro-calcite. [Reproduced from 
Ref. 1]

the availability of an ambient pressure (up to 10 mbar) soft X-ray spectroscopy endstation at TLS 24A1 added a 
new impetus to the research. Chun Chung Chan from National Taiwan University and his co-workers investigated 
the phase transformation from ACC to calcite in the presence of ambient water vapor using the Ca L-edge XAS 
technique in situ.1

As shown in Fig. 1(a), when the hydrated ACC sample was heated under ultrahigh vacuum (UHV) toward 773 K 
to remove water of hydration, Ca L edge XAS spectra underwent small changes. In contrast, Ca L edge spectra for 
the hydrated ACC heat-treated to 773 K in the presence of 0.4 mbar exhibited richer spectral changes, as shown 
in Fig. 1(b). Careful fitting of the XAS put the CFS parameter changes on a firmer footing, as summarized in Fig. 

2. These data indicate that crystallization is promoted 
in the presence of water vapor; ACC of type 2 cannot 
be simply equated to anhydrous ACC and is in fact 
more structurally similar to commercial nano-calcite. 
A revised path of formation is depicted as follows: 
hydrated ACC  disordered nano-calcite  biogenic 
calcite. (Reported by Chia-Hsin Wang and Yao-Wen 
Yang)

This report features the work of Chun Chung Chan and 
his co-workers published in Chem. Commun. 55, 6946 
(2019). 

TLS 24A1  BM – (WR-SGM) XPS, UPS
•  UHV-XPS, AP-XPS, UPS, XAS-based on Electron De-

tection Modes
•  Surface Science, Chemical State of the Material 

Surface, Catalytic Reaction
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Membranes Comprising Metal-Organic Frame-
works for Gas Separation
Organic photovoltaics with improved carrier extraction efficiency can be an answer to cheap 
solar energy.

I n recent years, metal-organic frameworks (MOF) 
composed of metal clusters and organic linkers 

have been considered to be emerging materials for 
membrane gas separations. One critical challenge to 
achieve high-performance MOF membranes for gas 
separation is the great flexibility of the MOF struc-

ture, which can lead to breathing effects and linker 
rotation. Both phenomena can be induced by gas 
molecules permeating through the MOF channels, 
and result in changes of the pore-limiting diameter 
(PLD) of the MOF. This PLD is the window size for 
molecular transport; it determines the cut-off of 
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molecular sieving. This work led by Dun-Yen Kang 
(National Taiwan University) was aimed to create 
MOF membranes with great gas permeative selectiv-
ity via engineering the aperture size of a highly flex-
ible MOF. Kang’s team also combined experimental 
characterization and computational approaches to 
investigate how the adsorption of gas molecules in 
highly inhomogeneous pores affects the macroscopic 
permeation in MOF membranes.1 They focused on an 
emerging pillared-bilayer MOF with great framework 
flexibility in this work. This MOF is composed of zinc 
as the metal cluster, 5-aminoisophthalic acid (aip) as 
the ligand to form the plated layer and 4,4’-azobipyr-
idine (azpy) as the pillar ligand. The chemical formula 
of this compound is {[Zn2(azpy)(aip)2]}n; this MOF is 
hereafter referred to as Zn-AIP-AZPY.

They conducted powder XRD measurements in situ 
on Zn-AIP-AZPY under various gases using the facil-
ities at TPS 09A. These XRD patterns were obtained 
with an X-ray source of synchrotron radiation, which 
allows for a direct comparison of the peak intensities 
between the patterns. The results from the measure-
ments under CO2 and CH4 are summarized in Fig. 1. 
They observed a remarkably decreased peak intensity 
as well as minor peak shifts in the XRD patterns of 

Pillared-bilayer metal-organic framework (MOF). 
[Reproduced from Ref. 1]

Fig. 1: Powder XRD patterns of Zn-AIP-AZPY obtained in situ under (a) CO2 and (b) CH4 
at pressures ranging from 1 to 8 bar. The left panels show the patterns with 2θ 
between 7.4 and 7.8o; the right panels display the patterns with 2θ between 11.0 
and 12.0o. [Reproduced from Ref. 1] 

MA-48h with increasing partial 
pressure of CO2 (Fig. 1(a)). The 
pronounced decrease of the peak 
intensity indicates the adsorption 
of CO2 in Zn-AIP-AZPY. The oc-
cupation of gas molecules in the 
cage of MOF or any crystalline 
porous material decreases the 
electron density contrast within 
the materials, which leads ulti-
mately to a decreased intensity 
of the powder XRD patterns. The 
peaks in the XRD patterns shift-
ed towards smaller angles with 
increasing pressure of CO2, which 
might indicate a structural change 
of MA-48h subjected to the ad-
sorption of CO2. In contrast with 
XRD measurements under CO2, 
the XRD patterns under CH4 (Fig. 
1(b)) presented no considerable 
change in either intensity or peak 
shift. This effect indicates a smaller 
adsorption of CH4 in Zn-AIP-AZPY 
than of CO2, and implies also that 
CH4 barely causes a structural 
deformation, unlike CO2.

The permeation properties of single gases H2, CO2, N2 
and CH4 for both TA-24h and MA-48h are summarized 
in Fig. 2. As noted above, two methods of measure-
ment were used: constant-pressure under feed pres-
sure 2 bar (Figs. 2(a) and 2(b)) and constant-volume 
under feed pressure 0.5, 1 or 3 bar (Figs. 2(c) and 
2(d)). The gas permeability was computed assuming 
a uniform membrane thickness, 70 μm. TA-24h (ther-
mally activated for 24 h) possessed gas permeability 



Chem
ical Science

A
CTIV

ITY
 REPO

RT  2019

023

TPS 09A Temporally Coherent X-ray Diffraction.

Fig. 2: (a) Single gas permeability and (b) ideal selectivity of Zn-AIP-AZPY membranes 
(TA-24h and MA-48h) with feed pressure 1 bar; (c) CH4 and (d) CO2 permeability 
of Zn-AIP-AZPY membranes under various feed pressures. [Reproduced from Ref. 
1]

greater than MA-48h (methanol activated for 48 h) 
for all tested gases. The ideal selectivity, defined as 
the permeance ratio between two gases, of TA-24h 
for various gas pairs (H2/CO2, N2/CO2 and CH4/CO2) 
was near the Knudsen selectivity. This result indicates 
that pinholes of size several nanometres might be 
present in the TA-24h membrane. In contrast, the ide-
al selectivity of MA-48h deviated from the Knudsen 
selectivity, indicating that its gas permeation is un-

likely to be dominated by pinholes; the grain boundary 
microstructure is properly controlled. The formation of 
pinholes in the TA-24h membrane might be due to the 
thermal treatment during the activation. We observed 
that the Zn-AIP-AZPY membrane sample collapses, an 
indication that the thermal activation is likely to create 
pinholes in the membranes. The permeability of the 
MA-48h membrane was, notably, considerably affected 
by the feed pressure (Figs. 2(c) and 2(d)): increasing 

the feed pressure from 0.5 to 3 
bar raised the permeability of CO2 
and CH4 for the MA-48 membrane 
nearly two-fold, whereas the 
permeability of the TA-24h mem-
brane remained approximately 
constant. These findings agree 
satisfactorily with the adsorption 
isotherms of these two samples, 
wherein the gate-opening effect 
was present in only MA-48h. The 
presence of the pinholes, of which 
the permeability is supposed not 
to be a function of pressure, in TA-
24h can be also a reason that the 
overall permeability of TA-24h is 
unaffected by the feed pressure. 

Overall, this work demonstrates 
the critical role of activation meth-
ods in controlling the structural 
topology and unravels the unique 
adsorption and permeation prop-
erties of Zn-AIP-AZPY owing to its 
structural flexibility. The insight 
obtained herein is expected to 
facilitate the development of flex-
ible MOF in separation applica-
tions. (Reported by Dun-Yen Kang, 
National Taiwan University)

This report features the work of Dun-Yen Kang and 
his collaborators published in Chem. Mater. 31, 7666 
(2019). 

TPS 09A  Temporally Coherent  X-ray Diffraction
•  XRD
•  Materials Science, Chemical Engineering, Mem-

brane, Membrane Gas Separation
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Nano-Morphological Reversibility of Carboxylic  
Acid-Protruding Zincophosphate Sheets
An asymmetric ligand based on 1,4-benzene- dicarboxylic acid (H2BDC) with spaced distance 
of para –COOH and a unique crystalline material, Zn2PO4, were utilized to synthesize a new 
compound with high thermal stability. Interestingly, this compound exhibits a reversible mor-
phological transformation between lamellae and nano-rod forms efficiently at specific envi-
ronmental conditions. 

E xotic materials designed with a carboxylic-acid 
(–COOH) group have broadened the scope of 

utilizations because of their ionic conductive capabili-
ty, the adequate aqueous solubility of their nano-par-
ticles, further conjugation with biomolecules and so 
on. It is valuable to explore complex inorganic solids 
carrying –COOH that could induce novel properties 
and functions. No –COOH arrays have been charac-
terized as zeolitic or mineral phosphate layers; the 
former is silanol with multiple functions for the im-
mobilization of enzymes and catalysts. The hydroxyl 
group of phosphates further showed reactivity on a 
solid surface that could be modified for various appli-
cations. One has wondered whether the functional 
groups can be manifested and how they affect the 
structural properties, although the preparation of 
such a material is extremely challenging. 

Sue-Lein Wang (National Tsing Hua University) and 
her group chose an asymmetric ligand based on 
1,4-benzene- dicarboxylic acid (H2BDC) for a possible 

Fig. 1: Polyhedral plots of (a) Zn2PO4(NH2HBDC) layers stacked 
through hydrogen bonds (blue dotted lines) provided by 
the uncoordinated –COOH and (b) Zn–O polyhedra lay-
ers of Zn2O8 and ZnNO4 in which the oxygen atoms are 
from PO4 (omitted for clarity). ZnNO4 trigonal bipyramids 
appear in cyan, Zn2O8 dimers in blue, and PO4 in yellow. 
[Reproduced from Ref. 1]

Fig. 2: Schematic drawing showing the surface reactivity of  
–COOH on compound 1: (top) drafted with myristyl-
amine (14C-amine) via grinding and its removal via son-
ication; (bottom) water contact angle variation before 
and after grinding. [Reproduced from Ref. 1]

spaced distance of para –COOH from the binding 
metal.1 Using a unique crystalline material, Zn2PO4, 
not only the expected uncoordinated –COOH ap-
pears; compound 1 was synthesized in a stoichio-
metric way shown in Fig. 1 with single-phase yield 
over 95%. Furthermore, the synthesized compound 
showed an ability to undergo a reversible lamella-na-
norod morphological transformation. 

The thermal stability was tested up to 440 °C based 
on combined measurements of thermogravimetric 
analysis (TGA) and variable-temperature powder X-ray 
diffraction patterns. The crystal heated at 400 oC was 
individually selected and refined to decreasing values 
of R factors, indicating that the structure remained. 
The crystal contained less –COOH after being heated 
at 440 °C, based on single-crystal X-ray diffraction 
data. This compound has mineral-like inorganic-core 
layers, and is hence expected to possess properties 
distinct from those of the pure organics. 

To test whether the –COOH group can terminate 
on the bulk surface and exhibit surface reactivity, a 
long-chain alkylamine was taken as an exotic modifi-
er to alter the surface wettability of this compound, 
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Fig. 3: Morphological transformation of compound 1. From left to right are pristine lamellar crystals, nanorods and restored lamellar 
crystals from a sequence of ultrasonic acid–acetone treatments. [Reproduced from Ref. 1]

The –COOH groups also afforded a facile route for the 
mechano-chemical reaction for the surface modi-
fication. The existence of both surface and interior 
–COOH groups collectively induced a lamella-to-na-
norod transformation; this morphological transforma-
tion is reversible. (Reported by Chen-Lin Liu)

This report features the work of Sue-Lein Wang and 
her collaborators published in Chem. Commun. 55, 
2429 (2019). 

TLS 01C2  SWLS – X-ray Powder Diffraction
•  X-ray Power Diffraction
•  Materials Science

Reference
1. L.-I. Hung, H.-Y. Yi, Y.-C. Shih, C.-H. Lin, S.-L. Wang, 

Chem. Commun. 55, 2429 (2019).

as shown in Fig. 2. The change of contact angle is 
also represented in Fig. 2; the large contact angle 
indicates that decylamine was grafted onto this 
compound. Furthermore, the mechanical grinding 
achieved the same modification effect and was more 
convenient because a solvent was absent and the 
duration of reaction was decreased. 

More interestingly, this compound exhibits a revers-
ible morphological transformation from lamellae 
to nano-rod as shown in SEM images of Fig. 3. The 
restored lamellar crystals showed nearly equivalent 
crystallinity, thermal stability and hydrophilicity. In 
this research, a remarkable hybrid zincophosphate 
with surface- active as well as interior –COOH was 
synthesized. The interior –COOH groups provide 
strong hydrogen bonding to hold layers tightly to-
gether, resulting in the extraordinary thermal stability. 
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S oft matter, comprising complicated systems, gen-
erally assembles into mesostructures between the 

microscopic and macroscopic scales. Probing a rela-
tion between the characteristics and the interactions 
of the mesostructures could efficiently determine 
their functions. Beamlines TLS 23A1 and TPS 25A 
provide simultaneous small-angle and wide-angle 
X-ray scattering to capture information about self-as-
sembled hierarchical structures from angstrom to 
submicrometre scales. This section highlights four ar-
ticles, in terms of self-healing hydrogels, organic solar 
cells, chiral block copolymers and the superalignment 
of nanotubes, extracted from publications of NSRRC 
users in 2019. The developments of an understanding 
about both the mesostructures and their function-
ality are presented for medical and pharmaceutical 
research, polymer engineering and optoelectronic de-
vices from the use of X-ray scattering and diffraction. 
(by Wei-Tsung Chuang)

Soft 
Matter
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Hierarchical Heredity on Self-Assembled Helices of 
Chiral Block Copolymers
The helical phase in chiral block copolymers (BCP) has been profoundly investigated in terms 
of homochiral evolution from molecular, to intrachain, interchain and mesodomain chirality.

T he self-assembly of BCP offers a unique route to create 
three-dimensional nanostructures via bottom-up approach-

es, such as lamellae, double gyroid, hexagonally packed cylin-
ders and BCC spheres in linear diblock copolymers. A chiral BCP, 
composed of one chiral block, can assemble into an atypically 
helical nanostructure, indicating that the chirality and helical 
entity have an inseparable relation. The design and synthesis 
of relevant BCP materials are, therefore, attempted actively 
toward a controllable domain size with cheap manufacture for 
varied applications in nanomaterials. The chirality is generally 
identified as the principal origin of the symmetry breaking. In 
natural systems, the transfer of chirality from protein-building 
blocks to twisted intermolecular arrangements–characterized 
by chirality on length scales much larger than those blocks–
underlies functional optical and mechanical structures found 
in organisms from insects to mollusks. Although the chirality 
transfer in chiral BCP is recognized to be an interesting topic, 
little is known about how a chiral assembly develops from the 
molecular level to a mesoscale structure.

Rong-Ming Ho (National Tsing Hua University) and Jing-Cherng 
Tsai (National Chung Cheng University) recently devoted their 
efforts to the investigation of self-assembly of chiral BCP.1 They 
utilized synchrotron-based small-angle X-ray scattering (SAXS) 
at TLS 23A1 and tomography with a transmission electron 
microscope to identify the formation of a helical phase in newly 
synthesized chiral BCP, poly(benzyl methacrylate)-b-poly(D-cy-
clohexylglycolide) (PBnMA-PDCG) and PBnMA-b-poly(L-cyclo-
hexyl glycolide) (PBnMA-PLCG). These chiral BCP, featuring a 
helical conformation of the chiral PLCG or PDCG blocks, can 
form unique helical nanostructures (a so-called helical phase), 
in which hexagonally packed PLCG or PDCG helices exist in the 
PBnMA matrix. To investigate systematically the mechanism of 
homochiral transfer, they reported further evidence of chiral 
interchain interactions with vibrational circular dichroism (VCD), 
consistent with some extent of handed skew configurations of 
chiral PLCG and PDCG segments in a melt state packing. The 
bulkier chiral side group of the chiral BCP (PDCG or PLCG) pro-
duces an increasedly persistent helical bias and also enhances 
the chiral anisotropy of intersegment forces. This condition en-
hances the thermodynamic stability of the helical phase relative 
to poly(styrene)-block-poly(L-lactide). 

In summary, helical nanostructures of chiral BCP display helices 
at various structural levels–from the molecular to the mesod-
omains–are controlled by their inter- and intramolecular chi-

Fig. 1: (a) Chemical structure of poly(benzyl meth-
acrylate)-b-poly(D-cyclohexylglycolide) 
(PBnMA-PDCG). (b)−(c) SAXS profiles of 
PBnMA-PDCG and PBnMA-PLCG, respective-
ly. (d)−(e) Three-dimensional TEM reconstruc-
tion of helical domains from PBnMA-PLCG 
and PBnMA-PDCG, respectively. [Reproduced 
from Ref. 1] 
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Fig. 1: Glycol chitosan (GC) and N-carboxyethyl chitosan (CEC) 
were cut into two pieces and stuck back next to each 
other. All hydrogels later recovered their shape and 
could be picked up with tweezers without breaking, 
showing the self-healing behavior. [Reproduced from 
Ref. 1]

rality. This homochiral evolution hence sheds light 
on the transfer mechanisms that link chiral structure 
across these length scales in self-assembling materi-
als. (Reposted by Rong-Ming Ho, National Tsing Hua 
University)

This report features the work of Rong-Ming Ho, Jing-
Cherng Tsai and their collaborators published in Proc. 
Natl. Acad. Sci. USA 116, 4080 (2019). 

TLS 23A1  IASW – Small/Wide Angle X-ray Scattering
•  SAXS
•  Soft Matter, Block Copolymers, Self-assembly,  
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G. M. Grason, E. L. Thomas, J. C. Tsai, R. M. Ho, Proc. 
Natl. Acad. Sci. USA 116, 4080 (2019).

Transfromer: Self-Healing Hydrogels 
Smart structures of hydrogels can automatically repair damage in varied environmental con-
ditions according to actuation properties.

Self-healing hydrogels are artificial substances with 
three-dimensional networks, which have built-in 

smart structures to allow automatic repair of dam-
age to themselves with neither external diagnosis of 
the problem nor human intervention. Self-healing 
hydrogels can thus adapt to varied environmental 
conditions according to their sensing and actuation 
properties, because they contain reversible dynamic 
bonds, such as hydrogen bonds, Schiff base, Diels−Al-
der reaction, boronate ester bonds, host−guest chem-
istry, hydrophobic interactions, ionic interactions and 
metal−ligand coordination. Hydrogels are able to 
absorb water or biological fluids in large proportions, 
and thus have the advantages of biocompatibility, 
biodegradability, injectablity and porous structure to 
be utilized as soft scaffolds for cells in tissue engineer-
ing and for surgical operation in a minimally invasive 
way. Because of their poor mechanical strength and 
the fragile nature of the hydrogels, the feasibility of 
applying these hydrogels is, however, still limited. 
Hydrogels with desirable chemical compositions and 
tunable mechanical strength have been designed 
with various synthetic strategies.

Shan-Hai Hsu (National Taiwan University) and her 
collaborators has devoted to an investigation in the 
fields of biomaterials, polyurethane, tissue engineer-
ing and nanomaterials. Recently, that group reported 
chitosan-based hydrogels with an ability of self-heal-
ing for biomedical applications.1 Chitosan is generally 
nontoxic, biocompatible, biodegradable and bacte-
riostatic, satisfactory for utilisation in many pharma-
ceutical and medical applications. The observation of 
macroscopic self-healing of the hydrogels is shown 
in Fig. 1. The cut semi-disc pieces of the hydrogels 
can merge into an integrated circular piece of the 

hydrogels and recover the mechanical stability after 
several decade minutes. All healed hydrogels could 
be picked up and shaken with tweezers without 
breaking, indicating that the self-healing hydrogels 
retain great strength. The workers utilized small-an-
gle X-ray scattering in situ combined with a rheom-
eter (Rheo-SAXS) at TLS 23A1 and ultra-small-angle 
X-ray scattering (USAXS) at TPS 25A to probe the 
structure of the hydrogels and their dynamics. From 
the SAXS results (Figs. 2(a), 2(c) and 2(e)), the hy-
drogels show a typical mechanism of nucleation and 
growth for the three chitosan-based hydrogels. The 
critical nucleation sizes of the three hydrogels were 
observed from the SAXS profiles. The time-resolved 
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USAXS profiles revealed that the 
various hydrogels feature varied 
fractal structures and aggregation 
behaviors (Figs. 2(b), 2(d) and 
2(f)). The reaction-limited aggre-
gation is affected by the Schiff 
reaction from the amino groups 
and aldehyde groups of the glycol 
chitosan (GC) hydrogels, whereas 
the diffusion-limited aggregation 
is attributed to the formation of 
hydrogen bonds and negative 
charges in the N-carboxyethyl 
chitosan (CEC) hydrogels. A hypo-
thetical model of nucleation and 
growth for the chitosan self-heal-
ing hydrogels is illustrated in Fig. 
2(g). (Reported by Shan-Hai Hsu, 
National Taiwan University)    

This report features the work of 
Shan-Hai Hsu and her collabora-
tors published in ACS Macto Lett. 
8, 1449 (2019). 

TPS 25A   Coherent X-ray Scat- 
                  tering
TLS 23A1  IASW – Small/Wide  
 Angle X-ray Scattering
•  SAXS, USAXS
•  Soft Matter, Chemistry,  

 Hydrogels

Reference
1. Y. J. Lin, W. T. Chuang, S. H. Hsu, 

ACS Macro Lett. 8, 1449 (2019).

Fig. 2: SAXS and USAXS profiles for (a)−(b) GC hydrogel, (c)−(d) CEC-L hydrogels and 
(e)−(f) CEC-H hydrogel. (g) Schematics for the gelation mechanisms of various 
self-healing hydrogels. [Reproduced from Ref. 1]     
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Spontaneous Superalignment of Nanotubes in a 
Dilute Solution
A new concept produces highly ordered nanotubes with controllable separations in a dilute 
and spacer-free system via the synergistic effects of the solvation and the rotational constraints.

O ne application of interest in the precisely controlled self-assembly of ordered nanomaterials is its full po-
tential in nanolithography technology.1 In general, ordered colloidal arrays can be easier to produce either 

with repulsive colloids at large concentrations (e.g., 68 vol% for a body-centered cubic system) or on introducing 
spacer molecules for attractive colloids at moderate concentrations. Here, the spacer molecules (e.g., surfactants 
or acids or polymers) play a critical role in preventing coagulation, suppressing Brownian motion and organizing 
nano-objects to form an ordered structure. How to achieve highly ordered superstructures or colloidal crystals in 
a dilute solution without spacer molecules is, however, a great challenge.

Chi-Chung Hua (National Chung Cheng University) and his co-workers hypothesized that preserving the inter-
particle repulsion while also suppressing the Brownian motion of particles is the key to achieve ordered colloi-
dal crystals in dilute and spacer-free solutions.2 As shown in Fig. 1(a), the agglomeration can be avoided with 
effective solvation effects, which leads to the stabilization of the nanoparticles in the solution, but forming an 
ordered phase in the dilute solution cannot be achieved by the solvation effects alone. It is conceivable that, be-
cause of the small density of the particles (corresponding to a "gas"), the particles can move freely according to 
Brownian diffusion; the entropy favors a disordered state. To overcome this limitation, they had an excellent idea 
to diminish the degrees of freedom of the particle motion, i.e., the additional rotational constraints through the 
asymmetric shape of objects, as shown in Fig. 1(b). For nanotubes with effective solvation, a loss of solvation 
shell when adjacent tubes become too near can introduce inter-tubular repulsive forces, constrain the rotational 
motion of the nanotubes and subsequently lead to an ordered colloidal phase.

Hua’s group used a simple system comprising only highly hydrophilic aluminosilicate nanotubes (AlSiNT, also 
known as synthetic imogolite) and water, with no spacer molecule nor external force, to demonstrate their idea. 
At this point, small-angle X-ray scattering (SAXS) at TLS 23A1 provides a powerful tool to study the self-assem-

Fig. 1: (a) Illustration of possible solution phases for nano-object suspensions via varied solvation degree and dimensionality of the 
objects. (b) Schematic of spontaneously ordered nanotubes via synergistic solvation effects and rotational constraints. [Repro-
duced from Ref. 2]
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bly of ordered nanomaterials. As 
shown in Fig. 2(a), the SAXS data 
reveal the formation of highly 
ordered hexagonal packing in a 
dilute aqueous solution of AlSiNT 
(1.0 wt%). The tube diameter of 
AlSiNT is about 2 nm; the inter-tu-
bular distance of the hexagonal 
structure is ~20 nm. The scatter-
ing structure factors, as shown in 
Fig. 2(b), demonstrate that such 
an inter-tubular distance of the 
hexagonal structure is tunable 
via control of the concentration 
and the length of the nanotubes. 
The stature of all four Bragg sig-
nals decreases with decreasing 
concentrations and disappears 
abruptly below concentration 
0.85 wt%, indicating a sharp 
transition from the hexagonal 
structure to the nematic phase 
(Fig. 2(b) inset). There is hence 
a critical inter-tubular distance 
associated with the geometry of 
the nanotubes. Moreover, the 
group used a cryo-TEM to visualize 
directly the ordered phase and un-
dertook a simulation of the molec-
ular dynamics (all-atom MD and 
coarse-grained MD) to achieve an 
atomistic understanding.

In conclusion, Hua’s group pro-
posed that constraining the rota-
tional motion of low-dimensional 

Fig. 2: (a) SAXS scattering data of an AlSiNT solution (1.0 wt%). The sharp features 
correspond to nanotubes in a hexagonal packing. (b) Structure factors of vari-
ous tube concentrations show a tunable inter-tubular distance. The inset shows 
small concentrations that produce only either a nematic phase (0.5 wt%) or a 
disordered network (0.1 wt%). [Reproduced from Ref. 2]

nanotubes utilizing solvation-induced repulsive forces can achieve a 
spontaneously well-aligned colloidal superstructure with tunable in-
ter-tubular distances in dilute and spacer-free solutions. They produced a 
novel method to manipulate an ordered superstructure and to challenge 
the existing 5-nm node lithography and nanorobotics. (Reported by Che-
Min Chou, National Taiwan University)

This report features the work of Chi-Chung Hua and his co-workers pub-
lished in Phys. Rev. Lett. 123, 238002 (2019).

TLS 23A1  IASW – Small/Wide Angle X-ray Scattering 
•  SAXS
•  Materials Science, Self-assembling Nanotubes
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High Performance of Organic Solar Cells Based on 
Matching Donor-Accepter Pairs 
A fluorinated heptacyclic dithienocyclopentacarbazole non-fullerene acceptor was synthe-
sized to be blended with donor polymers with complementary absorption and energy levels 
well matched. Control of molecular orientation in donor/accepter solar cells exhibited higher 
power-conversion efficiencies.

Solution-processable organic solar cells (OSC) with 
a treatment of bulk heterojunctions can achieve 

large power-conversion efficiencies (PCE) and resolve 
an increasing demand for renewable energy. Being 
a function of open-circuit voltage (VOC), short-circuit 

current (JSC), and fill factor (FF), PCE values above 11% 
were obtained on utilizing fullerene derivatives (e.g., 
PC61BM and PC71BM) as electron acceptors owing to 
their superior electron mobility and isotropic charge 
transport, when paired with p-type polymers featur-
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ing suitable energy levels. Fullerene derivatives have, 
however, intrinsic drawbacks to adjust the absorption 
ranges and energy levels, tendencies to undergo 
thermally induced aggregation, and large production 
costs. Alternatively, non-fullerene acceptors (NFA) 
possess numerous benefits to tune the absorption 
range and energy levels and to improve the morpho-
logical stability. The structural optimizations of NFA 
have led to higher PCE of OSC than those containing 
fullerene derivatives. 

Chain-Shu Hsu (National Chiao Tung University) 
and his collaborators synthesized a new NFA, i.e., 
DTC(4Ph)-4FIC, featuring two additional fluorine 
atoms on each side of the terminal IC units as n-type 
accepter.1 OSC with a conventional device architec-
ture of ITO/PEDOT:PSS/active layer/PFN-Br/Al were 
fabricated employing J71, PBDB-T and PBDB-TF as 
p-type polymers (donor). These structures are exhib-
ited in Fig. 1(a). Three p-type polymers, J71, PBDB-T 
and PBDB-TF were utilized in tests of the photovoltaic 
performance of the acceptors. They demonstrate that 

DTC is a promising scaffold for the development of 
high-performance NFA possessing outstanding com-
patibility with current benchmark p-type polymers 
using by UV−vis absorption spectra, highest occupied 
molecular-orbital (HOMO)/lowest unoccupied mo-
lecular-orbital (LUMO) energy levels obtained from 
cyclic voltammetry (CV) measurements and grazing 
incidence wide-angle X-ray scattering (GIWAXS). 

The bulk molecular packing was characterized with a 
GIWAXS measurement, for which the orientation was 
determined on comparing the azimuthal distribution 
of diffraction intensity (010) between the in-plane 
and out-of-plane directions. The orientation of the 
DTC(4Ph)-4FIC neat film possesses a face-on prefer-
ence, like J71, PBDB-T and PBDB-TF neat films, as Figs. 
1(b)−1(d) show. As depicted in Fig. 1(h), the grain 
sizes derived from diffraction (100) of J71, PBDB-T 
and PBDB-TF are 76.6, 92.4 and 118.6 Å, respectively. 
Diffractions (010) of DTC(4Ph)-4FIC, J71, PBDB-T and 
PBDB-TF neat films are located at qZ = 1.43, 1.55, 1.56, 
1.66 Å−1, respectively. 

Fig. 1: (a) Chemical structures; 2D GIWAXS patterns of (b) J71, (c) PBDB-T, (d) PBDB-TF, (e) J71:DTC(4Ph)-4FIC, (f) PBDB- T:DTC(4Ph)-
4FIC, (g) PBDBTF: DTC(4Ph)-4FIC and (h) the corresponding 1D line cuts from neat films and blends. [Reproduced from Ref. 1]
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The neat film of PBDB-TF possesses the largest grain 
and strongest π−π interaction, which is ascribed to 
the fluorine interaction. Figures 1(e)−1(g) exhib-
it diffractions (010) at larger qZ after introducing 
DTC(4Ph)-4FIC into the films, indicating an increased 
π−π interaction, despite that diffractions (010) of 
DTC(4Ph)-4FIC and p-type polymers overlap. Close 
π−π stacking d-spacing promotes delocalization of 
π-electrons, resulting in increased carrier mobility and 
JSC. Figure 1(h) shows that the π−π stacking d-spac-
ings of J71:DTC(4Ph)-4FIC, PBDB-T:DTC(4Ph)-4FIC and 
PBDBTF: DTC(4Ph)-4FIC are 4.1, 3.6 and 3.6 Å, respec-
tively. As determined by diffraction (100) using the 
Scherrer equation, the grain sizes of J71:DTC(4Ph)-
4FIC, PBDB-T:DTC(4Ph)-4FIC, and PBDB- TF:DTC(4Ph)-
4FIC are 123.2, 136.6 and 153.3 Å, respectively. The 
large grain size of the PBDB-TF:DTC(4Ph)-4FIC blend 
is likely to diminish interfacial traps between donor/
acceptor-rich domains and suppresses charge recom-
bination, resulting in FF 75.7%. As the phase separa-
tion with a fibrillar structure in J71:DTC(4Ph)-4FIC and 
PBDB-TF:DTC(4Ph)-4FIC blends is more pronounced, 
exciton dissociation is facilitated, thus promoting the 
FF values of J71:DTC(4Ph)-4FIC (73.42%) and PBDB-
TF:DTC(4Ph)-4FIC (75.70%) to surpass that of PBDB-
T:DTC(4Ph)-4FIC (71.10%).

In summary, DTC(4Ph)-4FIC displays superior compat-
ibility with J71, PBDB-T and PBDB-TF as evident from 

the corresponding PCE values > 10%. Notably, the 
conventional device based on PBDB-TF:DTC(4Ph)-4FIC 
achieves PCE 13.15%, with VOC 0.95 V, JSC 18.29 mA 
cm−2, and FF 75.7%, which benefit from the low-lying 
HOMO of PBDB-TF and low bimolecular recombina-
tion of charge. Moreover, the inverted devices con-
taining PBDBTF:DTC(4Ph)-4FIC with C-PCBSD as CIL 
afford PCE 13.36%, with VOC 0.94 V, JSC 20.20 mA cm−2 
and FF 70.42%. This application of the cross-linkable 
C-PCBSD interlayer provides a new approach to ob-
tain inverted OSC with high performance. The further 
structural optimization of DTC-based NFA and the 
development of compatible p-type polymers would 
ultimately result in fullerene-free OSC with PCE ap-
proaching the theoretical limit. (Reported by Hong-
Cheu Lin, National Chiao Tung University)

This report features the work of Chain-Shu Hsu, Jian-
hui Hou and their co-workers published in ACS Appl. 
Mater. Interfaces 11, 31069 (2019).
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A visualization of biological molecules at an atomic 
level is crucial for an understanding of their func-

tion. At the present time, synchrotron-based macro-
molecular crystallography (MX) remains a powerful 
and important method for structural determination 
at high resolution. With the advent of Taiwan Pho-
ton Source (TPS), the availability of increased X-ray 
brightness and a smaller beam size, and the develop-
ment of instruments and software, make possible a 
challenge for the difficult tests associated with viruses 
or membrane proteins. The following remarkable 
research was conducted by our user communities in 
year 2019. Five reports include a vital partitioning 
system, ParABS, involved in chromosome segregation, 
by Yuh-Ju Sun; poly-ADP-ribosylation (PARylation), 
a ubiquitous post-translational modification, partic-
ipating in various cellular processes, by Chun-Hua 
Hsu; carboxyl (C)-terminal processing proteases (CTP) 
involved in protective and regulatory proteolysis in 
bacteria, by Chung-I Chang; a novel mechanism of 
γδ T cell activation for future T-cell immunotherapy 
strategies, by Rey-Ting Guo, and the shrimp Nodavi-
rus capsid assembly and infection mechanisms for the 
development of an antiviral vaccine, by Chun-Jung 
Chen.

The fruitful results from TPS 05A over the past few 
years have forcefully demonstrated the importance 
of superior beam properties, such as increased beam 
stability, decreased beam size and less beam diver-
gence. Other existing PX and bio-related beamlines 
at TLS, including SAXS, XAS, and IR, have great avail-
ability and capabilities to treat bio-samples. In these 
circumstances, our vibrant research community and 
industrial users take full advantage of various bio-re-
lated beamlines from TPS and TLS to perform general 
and demanding investigations. (by Chun-Hsiang 
Huang)

Life  
Science 
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I n many countries aquaculture is a major global 
economic activity, such as for the cultivation of ma-

rine fish and prawn. Taiwan, an island surrounded by 
sea, is a major distant-water fishery and aquaculture 
producer in the world.1 Macrobrachium rosenbergii 
(M. rosenbergii) and Penaeus vannamei, (P. vannam-
ei) commonly known as giant freshwater prawn and 
Pacific white shrimp, respectively, are economically 
important cultured prawns for 90% of the shrimp 
aquaculture industry. Notably, one major factor that 
limits the expansion of the shrimp culture is the con-
stant appearance of infectious diseases caused by 
several viruses such as taura syndrome virus (TSV), 
infectious hypodermal and hematopoietic necrosis 
virus (IHHNV), white-spot syndrome virus (WSSV) and 
shrimp nodaviruses, such as Macrobrachium rosen-
bergii nodavirus (MrNV) and Penaeus vannamei no-
davirus (PvNV), which have impacted great economic 
losses.2 To date, there is no high-resolution structural 
information available to allow us to elucidate the 
capsid-related organization of the shrimp nodavirus.

Virus-like particles (VLPs), which are composed of 
multiple copies of one or more viral proteins, are 
supramolecular assemblages with well-defined ge-
ometry and have generally icosahedral or rod-like 
structures that mimic the overall structure of the 
native virions. Based on the natural intrinsic ability 
of structural viral subunits, these major capsid pro-
teins (CPs) can spontaneously self-assemble into 
VLPs when they are expressed using recombinant 
expression systems from mammalian cells to bacteria. 
Various purposes of VLP have been widely studied 
and used for a drug delivery system, gene therapy, 
vaccine development and epitope display.3 To inves-
tigate the properties of shrimp nodavirus capsids, a 
research team led by Chun-Jung Chen (NSRRC) and 
his co-workers solved the cryo-EM structures of T = 
3 and T = 1 PvNV-like particles (PvNV-LPs) at 3.5 and 
3.7 Å, respectively, crystal structures of the protrusion 
domains (Pds) of PvNV and MrNV in various forms at 
high resolution beyond 1.2 Å, and crystal structures of 
the T = 1 sub-viral particle (SVP) of the ΔN-ARM-PvNV 

Structural Insights into Shrimp Nodavirus Capsids: 
New Capsid Structures to Understand the Mecha-
nisms of Capsid Assembly and Infection 
From a combination of X-ray crystal and cryo-EM structural data, the shrimp nodavirus cap-
sid structures at atomic resolution provide structural information about mechanisms for viral 
assembly and infection, and be applicable to the development of an antiviral vaccine. 

shell domain (Sd) at resolution 3.1 Å. All diffraction 
data sets were collected at TPS 05A, TLS 13C1 and 
TLS 15A1 and SP 44XU.4

As shown in Fig. 1(a), visualization with a cryo-EM 
showed that these capsids exist in multiple confor-
mations, including mostly virion-sized T = 3 particles 
of diameter ~35 nm and a minor proportion of small-
er-sized T = 1 particles ~24 nm. The resolutions of the 
T = 3 and T = 1 PvNV-LPs were estimated to be 3.5 and 
3.7 Å according to the gold-standard Fourier shell 
correlation (FSC) = 0.143 criterion, respectively, after 
applying a soft spherical mask on the two reconstruc-
tions refined from half of the data sets independently 
(Fig. 1(b)). The cryo-EM maps clearly show T = 3 and 
T = 1 icosahedral symmetries composed of 180 cop-
ies and 60 copies with CP of full length 37-kDa in 
total, respectively (Fig. 1(c)). In total 90 spikes of T = 
3 PvNV-LP are distributed along the icosahedral two-
fold axes and the quasi-two-fold axes on the surface. 
The icosahedral asymmetric unit (iASU) within the 
T = 3 PvNV-LP contains three CPs occupying inequiv-
alent sites with somewhat varied conformations, 
which are henceforth referred to as A-C subunits. The 
cryo-EM map allowed modeling of residues 64–368 
for subunits A and B, and residues 31–368 for subunit 
C (Fig. 1(d)). Interestingly, in the T = 3 PvNV-LP, the 
ordered linkers from the subunit C/C dimer exhibit a 
parallel structure at the opposite side, whereas the 
linkers from the subunit A/B dimer adopt another 
new structural feature with a cross conformation (Fig. 
1(e)).

The T = 3 and T = 1 PvNV-LPs have obviously similar 
structures of the S-domain, linker and P-domain, but 
the N-ARM and N-arm of T = 1 PvNV-LP are more flex-
ible. In contrast with the T = 3 PvNV-LP, T = 1 PvNV-LP, 
with only A/A dimers, has a bent conformation and a 
smaller inner cavity and would associate weakly with 
the RNA nucleotide, rendering free or partial viral ge-
nome encapsidation. As mentioned above, however, 
the authors postulated that the association between 
a C/C dimer and a nucleotide might be implicated 
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in a size switch between T = 1 and T = 3 particles, and 
proposed a mechanistic model framed around a nu-
cleotide-mediated C/C dimer and the A/B (T = 3 cap-
sid) or A/A dimer (T = 1 capsid) with parallel and cross 
conformations of linkers, respectively, to explain the 
dynamic assemblies of the T = 1 and T = 3 PvNV-LPs.

Consistent with the cryo-EM structure, the crystal 
structures PvNVPd and MrNVPd form a dimeric 
straight rod with dimensions length ~40 Å and width 
~22 Å in crystal packing (Figs. 2(a) and 2(b)). The 
secondary-structural elements are shown in Figs. 2(c) 
and 2(d). The structural folds of PvNVPd and MrNVPd 
consist of eight β-strands, differing from that of any 
other known viral CP. The P-domain monomer folds 
into the core jelly-roll topology, forming a β-sandwich 
face-to-face with two pairs of antiparallel β-sheet. 
Four highly exposed turn insertions β1/β2, β3/β4, β5/
β6 and β7/β8 appear on the top regions of PvNVPd 

Fig. 1: (a) Cryo-EM image of PvNV-LP. The diameters of the PvNV-LPs are near 35 and 24 nm, corresponding to the T = 3 and T = 1 
particles. T = 3 and T = 1 capsids are indicated with white solid and dotted arrows, respectively. Scale bar = 100 nm. (b) Fourier 
shell correlation (FSC) curves of the 3D reconstructions of T = 1 (dashed line) and  T = 3 (solid line) PvNV-LPs. (c) Front view of 
the cryo-EM maps along an I2-symmetry axis with two-, three- and five-fold axes as indicated. The capsid surfaces are five-
colored according to their distances from the particle center (red: short distance; blue: long distance). (d) Ribbon diagrams and 
molecular surfaces of subunits A and B, and C with bound Ca2+ ions (yellow spheres), comprising several domains and regions, 
including N-ARM (N-terminal arginine-rich motif; grey), N-arm (N-terminal arm; yellow), S-domain (light green and purple), 
linker (green) and P-domain (blue), respectively. (e) The homo-dimeric P-domains and linkers from the A/B and C/C dimers are 
color-coded as in (c) Asn250 and the C-termini are indicated. [Reproduced from Ref. 4] 

and MrNVPd and might play an important role in 
the determination of the antigenicity. In the dimeric 
structures of PvNVPd and MrNVPd, the domain-do-
main contacts at the interface are two-fold symmetri-
cally formed with a hydrogen-bond network between 
the main chains of the antiparallel β-strands, β3 and 
β6 (Figs. 2(c)–2(e)). Several residues are involved 
in these interactions, including Ala293-Gln297 and 
Val327-Ser331 for PvNVPd and Tyr293-Arg296 and 
Ile326-Asp329 for MrNVPd (Figs. 2(d)–2(f)). In addi-
tion, the MrNVPd dimer is stabilized with hydrogen 
bonds between Leu255 and Tyr257 of the β1 strand 
and Lys287 and Ile289 of the β3 strand (Fig. 2(g)).

The oligomerization of CPs is the first intermediate 
step during assembly of a viral capsid. As mentioned 
above, all structures of T = 3 PvNV-LP, T = 1 PvNV-LP, 
PvNVPd and MrNVPd at present indicate a proposed 
model in which the functional P-domain might be 
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involved in the dimeric capsomere formation during 
a capsid assembly of the shrimp nodavirus (Fig. 3). 
The N-ARM has previously been shown to play a 
role in controlling the particle polymorphism, such 
as cowpea chlorotic mottle virus, SeMV, TBSV and 
GNNV.5 The crystal structure of the truncated PvNVSd 
(ΔN-ARM-PvNVSd) was eventually determined at 
resolution 3.1 Å to reveal a T = 1 SVP architecture (Fig. 
3). To clarify whether fusion segments on recombi-
nant PvNV CPs affect the assembly of these multiple 
conformational particles, the authors found that the 
pET21-PvNV-LP containing the N/C-termini fusion 
segments might have the propensity to self-assemble 
into highly irregular particles of the T = 1 architecture 
(Fig. 3).

In summary, five conclusions have been drawn ac-
cording to the structural information and biochemical 

Fig. 2: (a)–(b) Ribbon diagrams and surface 
presentations of PvNVPd and MrNVPd 
are shown in similar orientations. Two 
C-termini are shown as red spheres. 
Each monomer of PvNVPd and 
MrNVPd is indicated in blue, yellow, 
green and orange, respectively. (c)–(d) 
Schematic diagrams of the secondary 
structures in PvNVPd and MrNVPd, 
respectively. Each monomer of 
PvNVPd and MrNVPd is indicated with 
colors as in (a) and (b). (e)–(g) The 
hydrogen bonds, which stabilize the 
dimer, from specific β-strands β1, β3 
and β6 with the key residues (sticks) 
at the interface are shown in red. 
[Reproduced from Ref. 4]

data. (1) The homodimeric capsomeres formed by a 
single CP could assemble into the complete T = 3 virus 
shells, differing significantly from the other two major 
genuses of family Nodaviridae. (2) The linker exhibits 
cross and parallel structural forms in the T = 3 PvNV-
LP, which have not previously been recognized in any 
other viral CP structures. (3) The functional dimeric 
PvNVPd and MrNVPd exhibit a new jelly-roll struc-
ture to form cuboid-like spikes for CP dimerization 
through intermolecular hydrogen bonds in the initial 
capsid assembly. (4) The crystal structures of PvNVPd 
and MrNVPd, together with the cryo-EM structures of 
T = 3 PvNV-LP and MrNV-LP, reveal new surface struc-
tures and morphologies of the shrimp nodaviruses as 
a consequence of the semi-flexibility of their linkers. 
(5) The N-ARM, the inherent flexibility of the N/C-ter-
minus of PvNV CP and nucleotide encapsidation serve 
as a molecular switch to lead to the spontaneous 
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Fig. 3: Particle polymorphism and self-assembly mechanisms of 
shrimp nodavirus. Cryo-EM, X-ray crystal and EM struc-
tures of the T = 3 and T = 1 PvNV-LPs, T = 1 ΔN-ARM-PvNV 
SVP and T = 1 ΔN-ARM-PvNVSd SVP. The T = 3 PvNV-LP 
surface and two T = 1 SVP surfaces are rainbow-col-
ored according to their distance from the spike to the 
shell. The diagram shows the putative self-assembly of 
the T = 3 and T = 1 shrimp nodavirus capsids. The basic 
unit of the capsid assembly is the dimeric capsomeres 
(diamond with black solid and dotted lines). The N-ARM 
deletion and the N-terminal fusion tag both might guide 
the assembly of the T = 1 capsid. [Reproduced from Ref. 4]

The obtained detailed crystal and cryo-EM struc-
tures of shrimp nodavirus capsids and their specific 
domains can provide an improved understanding 
of its capsid conformation and the mechanisms of 
the capsid assembly and viral infection, and can 
also be filed to provide new insight to develop an 
appropriate treatment with therapeutic vaccines to 
prevent shrimp nodavirus infection of shrimp in the 
shrimp-farming industry. (Reported by Nai-Chi Chen)

This report features the work of Chun-Jung Chen and 
his collaborators published in Commun. Biol. 2, 72 
(2019).
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Deinococcus Radiodurans Poly ADP-Ribose Glyco-
hydrolase Structure: Exploring Bacterial Poly ADP- 
Ribosylation 
Unlike in eukaryotes, poly ADP-ribosylation (PARylation) remains elusive in prokaryotic or-
ganisms. A combination of structural and biochemical analyses of poly ADP-ribose glycohy-
drolase from Deinococcus radiodurans (DrPARG) shows that DrPARG represents a previously 
unidentified bacterial-type PARG that equips endo-glycohydrolase activity and further deci-
phers the existence of PARylation in bacteria. 

P oly-ADP-ribosylation (PARylation) is a ubiquitous post-translational modification involved in various cellular 
processes. In eukaryotes, PARylation has been widely studied for its relation to DNA damage. In cells, the pro-

duction of PAR polymers is regulated mainly by the activity of abundant nuclear PARP1. Despite the abundance 
of PARP1, most PAR generated by DNA damage is rapidly degraded by poly ADP-ribose glycohydrolase (PARG). 

self-assembly of the PvNV capsid, resulting in particle 
polymorphism for T = 3 or T = 1 assemblies. 
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The first PARG crystal structure derived from Thermomonospora curvata (TcPARG) revealed that the catalytic do-
main belongs to a distant member of the macrodomain protein family; steric hindrance by the ribose cap struc-
ture confines bacterial-type PARG to exo-glycohydrolases.1 Unlike bacterial PARG, canonical PARG (possessed by 
eukaryotes) can function as both exo- and endo-glycohydrolases because they lack the ribose cap loop.2,3

Although some bacterial species are found to possess both PARP (closely related to PARP1) and PARG genes and 
some contain only PARG homologues, bacteria are historically thought to lack poly ADP-ribose metabolism. D. 
radiodurans and other members belonging to the same bacterial genus exhibit remarkable resistance to severe 
DNA damage caused by ionizing and ultraviolet (UV) radiation and many other agents that damage DNA. The 
mechanism of radio-resistance in D. radiodurans remains unclear. D. radiodurans is one of many bacterial species 
possessing PARG homologues in their genomes. As transcriptomic analysis showed upregulated expression of 
D. radiodurans PARG (DrPARG) following radiation damage, it might be involved in DNA damage responses.4 To 
determine the mechanistic basis of DrPARG-mediated ADP-ribose modification, a research team led by Chun-
Hua Hsu (National Taiwan University) solved the structures of apo and ADP-ribose-bound DrPARG. The diffrac-
tion data were collected at TPS 05A, TLS 13B1 and TLS13C1.5

Figures 1(a) and 1(b), show the overall structures and topology of apo and ADP-ribose bound DrPARG.  
Binding of ADP-ribose stabilizes the protein and causes conformational changes to the structure. Additional 
secondary structure such as the α4ʹ helix was induced upon ADP-ribose binding. As compared with DrPARG, 
previously reported bacterial (TcPARG) and canonical PARG (HsPARG and MmPARG) structures show corre-
sponding regions of the α4ʹ helix and the catalytic loop embedded between the conserved macrodomain and 
the N- or C-terminal extension structures (Fig. 1(c)). Binding-induced conformational changes are thus less 
probable in these PARGs. Adopting similar amino acids in coordinating ADP-ribose, compared with TcPARG 
and HsPARG, DrPARG might have a catalytic mechanism toward hydrolysis of poly ADP-ribose (PAR) the same 
as that of TcPARG and HsPARG. A 2’-hydorsyl group exposed to solvents was observed in the DrPARG structure 
whereas DrPARG possesses the ribose cap structure (Fig. 1(d)), indicating that DrPARG might exert an endo-gly-
cohydorlase function. Using molecular modeling, the authors found that Thr267 might play an important role 
in establishing an endo-glycohydrolase activity (Fig. 1(e)) because it does not generate steric hindrance to PAR 
by forming hydrogen bonding with neighboring residues, as does Arg268 of TcPARG (Fig. 1(f)). Investigation 
of the cleavage product of DrPARG shows the existence of short-chain PAR and ADP-ribose oligomers, further 
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confirming that DrPARG possesses 
endo-glycohydrolase activity. This 
result also indicates that Thr267 
was not solely accounted for 
the endo-glycohydrolase activ-
ity as substitution of Thr267 for 
arginine or lysine still generates 
oligomeric ADP-ribose but not 
short-chain PAR in the cleavage 
products (Figs. 1(g) and 1(h)). 
Notably, the authors could not 
define the first 28 residues of 
DrPARG in the map of electron 
density, indicating that the N-ter-
minal region is flexible. This flex-
ibility might also contribute to 
an endo-glycohydrolase activity 
because, without structural sup-
port to fix the catalytic loop by the 
N-terminus (as in TcPARG1) (Fig. 
1(c)), the enzyme can accommo-
date PAR in an endo-mode.

Little is known about bacterial 
PARylation. The structural and 
biochemical data indicate that 
DrPARG can process PAR, but PA-
Rylation in D. radiodurans remains 
unclear. To investigate the exis-
tence of PARylation, the authors 
detected endogenous PAR in D. 
radiodurans using a monoclonal 
antibody against PAR (Fig. 2(a)). 
In addition, the endogenous PAR 
signal increased when the bacteri-
al culture was supplemented with 
nicotinamide adenine dinuclotide 
(NAD), which is the substrate of 
generating PAR (Fig. 2(b)). When 
bacteria were treated with 3-am-
inobenzamide (3-AB), a known 
ADP-ribosyltransferase inhibitor, 
the endogenous PAR signal de-
creased (Fig. 2(c)). The results 
indicate the existence of endoge-
nous PAR in D. radiodurans. 

To understand whether DrPARG 
modulates the endogenous PAR 
level, they deleted the parg gene 
in D. radiodurans. The use of 
western blot showed that some 
protein bands have increased 
intensities in the deletion strain 
(Δparg) (Fig. 2(d)), indicating that 

Fig. 1: (a) Overall structure and topology of apo DrPARG. The disordered region is 
shown as a dotted line. N and C stand for N-terminus and C-terminus, respec-
tively. (b) Overall structure and topology of DrPARG in a complex with ADP-ri-
bose. (c) PARG structures in a complex with ADP-ribose from Deinococcus 
radiodurans (DrPARG; PDB code 5ZDB), Thermomonospora curvata (TcPARG; 
PDB code 3SIG), Homo sapiens (HsPARG; PDB code 4B1H), and Mus musculus 
(MmPARG; PDB code 4NA0) are shown as cartoon models. α4ʹ helix, the catalytic 
loop of DrPARG and their corresponding regions of other PARG are colored 
blue. The conserved macrodomain and the N- or C-terminal extension structures 
are colored grey and green, respectively. (d) Detailed view of interactions within 
the ADP-ribose binding pocket of the DrPARG structure. (e) Solvent accessibility 
of bound ADP-ribose in DrPARG. (f) Comparison of the interaction network 
for Arg268 of TcPARG and the corresponding residue of DrPARG. (g) Detection 
of short-chain PAR in the cleavage products of DrPARG with dot blotting. The 
reaction of automodified PARP1 treated with or without (time = 0) WT and 
mutant DrPARG was terminated at various times and filtered with a 30-kDa cut-
off column. (h) Detection of PAR in the cleavage products of DrPARG with HPLC. 
The peak indicated by an asterisk represents oligo ADP-ribose. [Reproduced 
from Ref. 5]



Life Science

A
CTIV

ITY
 REPO

RT  2019

041

PARylation is affected by the PARG status. They found also that the overall endogenous PAR level increased about 
two-fold in Δparg compared with the wild-type strain (Fig. 2(e)). A disruption of the parg gene not only affected 
PARylation but also altered the resistance of bacteria to radiation. When the genome recovery ability was as-
sayed with pulsed-field gel electrophoresis (PFGE) (Fig. 2(f)) and randomly amplified polymorphic DNA (RAPD), 
Δparg cells exhibited a delayed recovery of their genomes compared with wild-type cells. The data indicate that 
PARylation might be involved in the stress response of D. radiodurans. Using bioinformatic analysis, the authors 
demonstrated that there might be many bacterial endo-PARG because many bacterial PARG homologues possess 
threonine or valine at position 267 corresponding to DrPARG, which might not form hydrogen bonds with the 
conserved aspartate at position 260 (Fig 2(g)).

In summary, five conclusions were drawn from the structural and biochemical data. (1) DrPARG has a flexible 
N-terminal region, which is unique among previously reported PARG structures, and undergoes conformation-
al changes during ADP-ribose binding. (2) DrPARG is a bacterial endo-PARG due to lack of steric hindrance at 
Thr267. (3) Endogenous PAR can be detected in D. radiodurans. (4) Disruption of the parg gene alters PARyla-
tion in bacteria. (5) The association of PARylation with stress response might be more ancient than previously 
thought. Taken together, the existence and function of bacterial PARylation has been first described through the 
structural elucidation of DrPARG. (Reported by Chao-Cheng Cho, National Taiwan University)

Fig. 2: (a) Detection of endogenous poly-ADP-ribose (PAR) in cell lysates of D. radiodurans R1 (Dr) and Saccharomyces cerevisiae 
BY4741 (Sc) with dot blotting. The membrane was stained with Ponceau Red as a loading control. (b) PAR levels assayed with 
dot blotting in D. radiodurans R1 cultured with NAD+ supplement. (c) PAR levels were assayed with dot blotting in D. radiodurans 
R1 culture treated with 3-aminobenzamide (3-AB) in various amounts. (d) The cell lysates of D. radiodurans R1 and Δparg strains 
were resolved in acrylamide gel (12%) and blotted with PAR antibody and anti-pan-ADP-ribose binding reagent. The gels were 
stained with Coomassie Brilliant Blue (CBB) as a loading control. (e) PAR formation was assayed in wild-type D. radiodurans R1 
and Δparg strains cultured in the TGY medium at 30 °C with dot blotting. PAR levels were quantified using image and plotted 
as mean ± SEM (n = 3 independent experiments) relative to the R1 strain, with PAR levels set to 1. *P ≤ 0.05, determined with 
Student’s t-test. (f) Genome recovery of R1 and Δparg strains assayed with pulsed-field gel electrophoresis (PFGE). (g) Sequence 
conservation between positions 260 and 267 corresponding to DrPARG in aligned BLAST hits. [Reproduced from Ref. 5]
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This report features the work of Chun-Hua Hsu and 
his colleagues published in Nat. Commun. 10, 1491 
(2019).
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The HpSpo0J-HpSoj-DNA Complex: A Vital Partition-
ing System Involved in Chromosome Segregation
In general, chromosome segregation errors cause a detrimental effect on the cell and the 
organism. ParABS, a widely conserved partitioning (par) system, is required for precise chro-
mosome segregation. In this report, HpSoj and HpSpo0J (from Helicobacter pylori) are the 
homologues of the ParA and ParB proteins, respectively. From a combination of the complex 
structures and bioassay data, the DNA segregation mechanism is delineated.

T he segregation of chromosomes is essential to confirm and to activate their partition to each daughter cell 
before cell division. In bacteria, there is a highly conserved chromosome-partitioning system, ParABS, that 

encodes partition (par) loci and comprises three major components: ParA, ATP dependent dimeric ATPase; ParB, 
DNA compaction protein; parS, a specific DNA site. ParA triggers ATP hydrolysis and provides the movement of 
the ParB-parS complex. ParB recognizes the parS and compact chromosome to form a higher-order complex, 

Fig. 1: Proposed model of the molecular mechanism of ParABS in a bacterial chromo-
some-partitioning system. [Reporduced from Ref.1]

but the molecular mechanism of 
segregation of the ParABS system 
is unclear. The homologous pro-
teins of ParA/ParB are HpSoj and 
HpSpo0J, respectively, in H. pylori.

Figure 1 shows a proposed model 
for the molecular mechanism of 
ParABS. In the chromosome DNA 
segregation and plasmid partition, 
ParA-ATP binds to the nucleoid 
and forms ParA-ATP. The ATPase 
activity of Soj is elevated by Spo0J 
upon the addition of DNA. ParA/
Soj exists as a monomer in the 
absence of ATP, but is dimeric 
when ATP is present. ATP-bound 
ParA/Soj dimer exhibits nsDNA- 
binding ability. ParA-ATP interacts 
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with ParB-parS and the ParA ATPase activity becomes 
enhanced. ParB compacts the DNA with parS. ParB 
dimer binds specifically to a parS site. With the 
spreading and bridging domain, ParB could compact 
DNA with parS and form the ParB-parS higher-order 
complex. To investigate the partitioning mechanism 
in H. pylori, a research team led by Yuh-Ju Sun 
(National Tsing Hua University) and her co-workers 
solved the complex structures of Ct-HpSpo0J-parS 
(Ct: C-terminal domain truncated protein), HpSoj-
ATP, HpSoj-ADP-DNA and HpSoj-ATP- DNA. The 
X-ray diffraction data were collected at TPS 05A, TLS 
15A1, TLS 13B1 and TLS 13C1.1,2

For HpSoj (ParA), the crystal structures of HpSoj and 
the HpSoj-DNA complexes were determined by mo-
lecular replacement (MR) with Phaser-MR, using TtSoj 
(PDB ID: 1WCV) as a search model.1 Crystal structures 
of HpSoj-ATP and its DNA complexes (Fig. 2), mono-
mer (Fig. 2(a)) and dimer (Fig. 2(b)) are shown. The 
overall structure of the HpSoj-ATP-DNA complex is 
shown in Fig. 2(c); the DNA-binding site is detailed 
in Fig. 2(d). The crystal structures of HpSoj-ATP and 
its DNA complexes revealed a typical ATPase fold 
and that it is dimeric. The HpSoj-ATP-DNA complex 
non-specifically binds DNA through a continuous 
basic binding patch formed by lysine residues, with 

a single DNA-binding site. DNA binding by HpSoj is 
promoted by ATP. In the HpSoj-nsDNA complex, Hp-
Soj forms as a dimer and binds DNA non-specifically 
using basic patch residues, Lys199, Lys227, Lys230 
and Lys247 (Fig. 2(e)). Both monomers of the HpSoj 
dimer equally contribute to the DNA-binding, rein-
forcing the essential function of Soj DNA-binding. 

In addition, HpSpo0J (ParB) comprises an N-terminal 
protein-protein interaction domain, a central he-
lix-turn-helix DNA-binding domain, and a C-terminal 
self-dimerization domain. The HpSpo0J- parS DNA 
complex structure was determined by the Se-MAD 
(multi-wavelength anomalous dispersion) meth-
od.2 The HpSpo0J-parS complex is an elongated 
conformation with a flexible N-terminal domain 
for protein-protein interaction and a conserved 
DNA-binding domain for parS binding (Fig. 3). Hp-
Spo0J interacts vertically and horizontally with its 
neighbors through the N-terminal domain to form 
an oligomer with adjacent and transverse interac-
tions that might be necessary for molecular assembly 
of a higher-order nucleoprotein complex. From our 
structural and biochemical data, we suggest that 
HpSpo0J/ParB possibly associates with other proteins 
through its N-terminal domains, spreads along the 
chromosomal DNA by parS binding and bridges DNA 

Fig. 2: Crystal structures of the HpSoj-ATP and HpSoj-DNA complexes. (a) The monomer structure of HpSoj-ATP contains central six 
β-sheets surrounded by twelve α-helices. (b) The asymmetric unit of HpSoj-ATP is coloured pink and cyan. (c) HpSoj-ATP-DNA 
shows that HpSoj dimers bind to one 24-bp DNA (coloured wheat). (d) Magnified view of interactions between HpSoj dimer 
and DNA of the HpSoj-ATP-DNA complex. (e) Electron surface potential of HpSoj-ATP-DNA revealed a basic patch environment. 
[Reportuced from Ref. 1]
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action and parS DNA binding (Fig. 4). NAC formation 
is promoted by HpSoj participation and specific parS 
DNA facilitation. Based on these findings, we pro-
posed a structural model for the HpSoj-HpSpo0J-DNA 
complex and tried to understand the ParABS segre-
gation system in H. pylori. (Reported by Yuh-Ju Sun, 
National Tsing Hua University)

Fig. 3: Crystal structure of the HpSpo0J-parS complex. In the 
Ct-HpSpo0J-parS complex, four Ct-HpSpo0J molecules 
(A/green, B/magenta, C/orange, D/cyan) and four parS 
DNA (yellow) form as a tetramer. Each HpSpo0J mono-
mer interacts with a parS half-site; only one of the two 
HpSpo0J molecules on each parS site is shown. The AB 
dimer is formed with adjacent interactions. The AC dimer 
is formed with transverse interactions (Ct: C-terminal 
domain truncated protein).  [Reportuced from Ref. 1]

Fig. 4: Electron-microscope (EM) images of HpSoj and HpSpo0J nucleoprotein complexes. (a) EM images of HpSoj, HpSpo0J and DNA 
complexes. A different length of DNA was used for HpSpo0J and HpSoj to form a DNA complex. HpSpo0J-parS550 showed 
as a single complex, paired complex and higher-order complex. The HpSoj- DNA180 complex is observed as a single DNA 
complex. (b) The quantification of the HpSpo0J-parS550 DNA complex indicated a significant increase of NAC. (Single: Single 
HpSpo0J-parS550 DNA complex; Paired complex: Paired HpSpo0J-parS550 DNA complex; NAC: Nucleoid-adaptor complex; 
Higher-order complex: multiple compacted HpSpo0J-parS550 DNA complex).  [Reportuced from Ref. 1]

This report features the work of Chen-Hsi Chu, Cheng-
Yi Yen, Yuh-Ju Sun and their co-workers published in 
Nucleic Acids Res. 47, 2113 (2019).
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to compact and to condense the chromosome during 
chromosome partitioning.

The HpSpo0J-HpSoj-DNA complex is detected with an 
electron microscope. This nucleoid-adaptor complex 
(NAC) is formed through a HpSoj and HpSpo0J inter-
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The BTN3As B30.2/HMBPP Complex: New Insight 
into Phosphoantigen-Mediated Activation of a 
Vγ9Vδ2 T-Cell
The molecular mechanisms of phosphoantigens binding to BTN3A1 to activate a Vγ9Vδ2 T-cell 
has been elusive. Structural and biochemical analyses indicate that phosphoantigens bind to 
the intracellular domain of BTN3A1 to trigger an inside-out signal to activate Vγ9Vδ2 T-cells.

V γ9Vδ2 T-cells play important 
roles in immune surveil-

lance against pathogens and 
tumour cells. In a clinic, Vγ9Vδ2 
T-cell-based therapy holds great 
potential for the treatment of 
a solid tumour. Vγ9Vδ2 T-cells 
can recognize non-peptide 
phosphoantigens (pAg) in a ma-
jor histocompatibility complex 
(MHC)-independent manner. In 
the mid-1990s, isopentenyl pyro-

Fig. 1: (a) HMBPP bound to a basic pocket on the surface of the BTN3A1 B30.2 domain. (b) Interaction network of HMBPP with pro-
tein residues of interest; distances within 3.5 Å are shown as dashed lines. (c) Structural superimposition of the B30.2 domain 
of BTN3A1 (magenta) and BTN3A3 (blue). (d) Structural superimposition of the apo-form (blue) and HMBPP-bound BTN3A3 
B30.2R351H (yellow). (e) H351-HMBPP interactions in the BTN3A3 B30.2R351H complex structure. The β, β+α and α  conformers of 
H351 are seen in different chains of an asymmetric unit. [Reproduced from Ref. 5]

phosphate (IPP) and dimethylallyl 
pyrophosphate (DMAPP) were 
found to be immunostimulatory 
molecules of Vγ9Vδ2 T-cells. IPP 
and DMAPP are building blocks 
of the isoprenoid biosynthesis 
pathway that are widespread 
in prokaryotes and eukaryotes. 
These compounds might hence 
accumulate intracellularly during 
tumorigenesis and serve as 
self-antigens.1 Later work showed 

that (E)-1-hydroxy-2-methyl-but-
2-enyl 4-diphosphate (HMBPP) is a 
more efficient activator of Vγ9Vδ2 
T-cells. HMBPP is an intermediate 
in isoprenoid biosynthesis from 
bacteria and protozoa that use 
the non-mevalonate pathway 
(2-C-methyl-D-erythritol 4-phos-
phate [MEP]) for isoprenoid bio-
synthesis.2 These molecules (IPP, 
DMAPP and HMBPP) are known 
as pAgs. The underlying molecu-
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lar mechanism of pAg-mediated 
Vγ9V2 T-cell activation is, howev-
er, unclear. In 2012, butyrophilin 
3A1 (BTN3A1) was found to bind 
to pAgs and to activate Vγ9Vδ2 
T-cells.3 

BTN3A1 belongs to the BTN3A 
family, which includes also BT-
N3A2 and BTN3A3 isoforms. 
BTN3A1 and BTN3A3 share a high 
sequence identity; both contain 
an intracellular B30.2 domain that 
is the putative pAg-binding site, 

Fig. 2: The BTN3A1 B30.2 domain in (a) a symmetric dimer 
and (b) an asymmetric dimer conformation. (c) Bind-
ing affinity of HMBPP analogues to the BTN3A1 B30.2 
domain and their Vγ9Vδ2 T-cell activation activities. (d) 
The complex structure of BTN3A1 and HMBPP-08; a new 
interface is formed in the presence of HMBPP-08. (e) Ad-
hesive forces between an individual Vγ9Vδ2 T-cell and 
a cancer cell, as measured with an atomic force micro-
scope (AFM). (f) Cytotoxicity results. The specific lysis of 
MDA-MB-231 cells was recorded. [Reproduced from Ref. 
5]

but the latter lacks a stimulatory 
activity towards Vγ9Vδ2 T-cells. 
Notably, substituting R351 with 
His enables the gain-of-function 
of BTN3A3 to bind to HMBPP.4 
The molecular basis underlying 
the binding selectivity of BTN3As 
to pAg is unclear. To investigate 
the molecular mechanism and 
the binding selectivity, a research 
team led by Rey-Ting Guo (Chi-
nese Academy of Sciences) solved 
the crystal structures of the cy-
toplasmic domain of BTN3A1 

and BTN3A3 in apo-form and in 
a complex with HMBPP. All dif-
fraction data sets were collected 
at TPS 05A, TLS 13C1 and TLS 
15A1.5

Figure 1(a) shows that HMBPP 
binds to a basic pocket formed on 
the surface of the BTN3A1 B30.2 
domain. This pocket is constituted 
by the side chains of three argi-
nine (R412, R418 and R469), one 
lysine (K393) and two histidine 
(H351 and H378) residues. These 
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residues form multiple hydrogen bond interactions to HMBPP (Fig. 1(b)). The distances between the 1-OH ox-
ygen of HMBPP and H351 or Y352 were 2.5 and 3.0 Å respectively, indicating the presence of strong hydrogen 
bond interactions. The crystal structure of the BTN3A3 B30.2 domain was also solved to investigate the molec-
ular mechanism underlying its lack of binding capacity to HMBPP. First, H351 that forms a hydrogen bond to 
1-OH of HMBPP in BTN3A1 is Arg in BTN3A3 (Fig. 1(c)). This observation is supported by the gain-of-function of 
the R351H variant of BTN3A3. Second, the two conserved Trp residues W392 (W391 in 3A1) and W350 display 
different orientations in BTN3A3 and BTN3A1, so the hydrogen bond interactions between Pα and the loop re-
gion became diminished (Fig. 1(c)). H351 in apo-form BTN3A1 was also found to display varied conformations 
(Fig. 1(d)); the α-conformation is ready for HMBPP binding whereas the β-conformation is a loose form and 
distant from the hydrogen bond-forming position (Fig. 1(d)). In the HMBPP complex structure, H351 in three 
varied states is observed (Fig. 1(e)). These results indicate that the H351 might undergo conformational chang-
es from the loose-form (β-conformation), intermediate (β+α conformation) to the bound-form (α-conformation) 
during the course of HMBPP binding.

BTN3A1 B30.2 could form a symmetric dimer or an asymmetric dimer in the crystal structure (Figs. 2(a) and 
2(b)). AUC and FRET also enable the detection of the dimer formation of the BTN3A1 B30.2 domain. A chemi-
cal-probe approach (Fig. 2(c)) and structural data (structure of BTN3A1 B30.2 with HMBPP-08, Fig. 2(d)) sup-
ports involvement of an asymmetric dimer configuration in Vγ9Vδ2 T-cell activation. Figure 2(e) shows that 
the supplementation of HMBPP significantly enhances the interaction forces between BTN3A1 and the Vγ9Vδ2 
T-cell receptor (TCR). Consistent with these results, the HMBPP-mediated MDA-MB-23 tumour cells killing by 
Vγ9Vδ2 T-cells requires direct cell-to-cell contact (Fig. 2(f)).

In summary, five conclusions have been drawn from the structural information and biochemical data. (1) The 
first structure of the complex of BTN3A1 B30.2 with HMBPP was obtained. (2) The antigen selectivity of BTN3A 
family members was investigated at the molecular level. (3) HMBPP binding to the intracellular B30.2 domain of 
BTN3A1 induced a conformational transition of H351. (4) An asymmetric dimer configuration was necessary for 
an efficient activation of the Vγ9Vδ2 T-cell. (5) HMBPP increased the avidity between the extracellular domain 
of BTN3A1 and Vγ9Vδ2 TCR, leading to an effective activation of the Vγ9Vδ2 T-cell. (Reported by Rey-Ting Guo, 
Chinese Academy of Sciences)

This report features the work of Yonghui Zhang, Rey-Ting Guo and their collaborators published in Immunity 50, 
1043 (2019).

TPS 05A    Protein Microcrystallography
TLS 13C1  SW60 – Protein Crystallography
TLS 15A1  Biopharmaceuticals Protein Crystallography
•  Protein Crystallography
•  Biological Macromolecules, Protein Structures, Life Science
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Unliganded Form of Prc: A Deep Glimpse into the 
Activation of C-Terminal Peptidases
The regulatory role of the PDZ domain is different in various CTPs. This research focused 
largely on the structure of the unliganded form of Prc, an Escherichia coli periplasmic prote-
ase that belongs to the CTP family. The results provide a structural view into the PDZ-depen-
dent activation and the contrasting roles of the PDZ domain in the regulation of CTPs.

P roteolysis regulated by members of the carboxyl(C)-terminal processing peptidase (CTP) family is a vital 
process conserved from bacteria to plants. It is involved in protein homeostasis, cell morphogenesis and 

the virulence of bacteria. The major feature of the CTP family is a combination of a serine protease domain with 
an embedded PDZ domain that facilitates binding to the C-termini of substrate proteins. The PDZ domain is a 
common structural domain that plays myriad roles in signaling proteins across diverse species. The proteases Prc 
(or Tsp) and CtpB belong to the large family of CTPs that employ their PDZ domains in different mechanisms to 
regulate their activity,1 but the structural and functional roles of the regulatory PDZ domain in CTPs are elusive.

The E. coli periplasmic protease Prc has a significant impact on the cell envelope. The NlpI-Prc system regulates 
the growth of peptidoglycan sacculus by altering the cellular levels of murein DD-endopeptidase MepS.2 Prc 
consists of a monomeric bowl-like body and a lid-like PDZ domain separated with a substrate-sensing hinge. 
Research has shown that the deletion of the PDZ domain strongly impairs the proteolytic activity, but the precise 

Fig. 1: Overall structure of the unliganded form of Prc. (a) Orthogonal views of S452I/L252Y mutant. (b) Comparison of the liganded 
form of Prc (bound substrates omitted) (PDB ID: 5WQL). (c)–(d) Interaction of the PDZ domain with NHD and CHD (c) and with 
the proteolytic platform (d). (e) Interaction of the PDZ domain with the protease domain in the resting CtpB. The extended 
N- and C-terminal helical domains (NHD and CHD, respectively) are colored yellow and wheat; the PDZ domain is colored cyan. 
The platform-like protease domain is indicated and colored green. The vault element, consisting of helix h9 and strand b2, and 
the hinge coil (indicated with an asterisk) undergoing remodeling during ligand-dependent activation are shown in magenta 
(Prc) or red (CtpB). [Reproduced from Ref. 3]
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molecular mechanism of Prc remained incomplete 
because a crystal structure of Prc has been deter-
mined in only the liganded activated state. To fill this 
gap, a research group led by Chung-I Chang (Aca-
demia Sinica) solved a series of crystal structures of 
Prc in the unliganded resting state. The structures 
provide the mechanism of PDZ-dependent Prc acti-
vation and explain distinct contributions of PDZ do-
mains in different CTPs to their function. 

To stabilize the unliganded resting conformation of 
Prc, the team introduced several mutations in the 
proteolytic active site or PDZ peptide-binding pock-
et. A set of Mutations that might prevent the direct 
binding of a substrate were subjected to test with 
degradation assay, viability assays, analytical ultracen-
trifugation (AUC) analysis and thermal shift assays. 
For structural studies, S452I/L252Y mutant (S452 
is one catalytic residue) was ultimately crystallized 
alone or in a complex with NlpI (PDB ID: 6IQR, 6IQQ). 
X-ray diffraction images of the S452I/L252Y mutant 
were collected at TLS 15A1; images of S452I/L252Y 
mutant bound to NlpI were collected at TPS 05A.3 
The phase was determined with molecular replace-
ment using the activated structure as a search mod-
el.4 The structures revealed unique features of the 
intramolecular interaction of the PDZ domain in Prc. 
The PDZ domain does not occupy the proteolytic site 
but is instead located inside the bowl-shaped scaffold 
(Figs. 1(a) and 1(b)). The surface residues of the PDZ 
domain interact mainly with the residues of extended 
N-terminal and C-terminal helical domains (NHD and 
CHD, respectively). Only a few residues form specif-
ic side-chain interactions with the scaffold, such as 
K327-D619, R299-D209 and R194-D294, leading to 
a more flexible PDZ domain (Fig. 1(c)). Distinct from 
dimeric CtpB in which the PDZ residues block the pro-
teolytic site, a lack of interaction of the PDZ domain 
with the protease domain in the unliganded structure 
of Prc contributes to the non-inhibitory activity of the 
PDZ domain (Figs. 1(d) and 1(e)). As a result, the PDZ 
domain is attached to the protease domain via a con-
formation distinct from those of other CTP, including 
CtpB.

Chang’s group identified several intriguing structural 
differences between unliganded and liganded states 
of Prc. The key for peptide sensing is the conforma-
tional change of a double hinge that directly links 
the PDZ domain to the bowl (Figs. 1(a) and 1(b)). 
The hinge regions switch from coils to short β-strands 
upon substrate binding. The important residues 
Leu245 and Leu340 make van der Waals interaction 
with the peptide substrate and helix h9 in the ligan-
ded activated state. In contrast, in the unliganded 
resting state, these residues adopt a solvent-exposed 

Fig. 2: Structural comparison of Prc in different states. (a) Struc-
tural comparison of the resting and activated Prc, the 
remodeling of the two hinge coils (red) into a pair of 
β-strands during activation; the arrows indicate the direc-
tions of movement of helix h9 and the protease platform. 
(b) Stereo view of catalytic residues K477 and S452 in the 
resting and activated states, shown as sticks green and 
wheat, respectively. (c) Structural comparison of Prc-S452I/
L252Y (the unliganded state), Prc-ΔPDZ (PDZ domain-trun-
cated form) and Prc-L245A/340G (mutation in the sub-
state-sensing hinge form). [Reproduced from Ref. 3]

conformation. In addition, the catalytic residues S452 
and K477A are more separate from each other in 
the unliganded resting state than in the liganded 
activated state. As mentioned above, the different 
residue positions in the two states are called a de-
fault misaligned conformation (Figs. 2(a) and 2(b)). 
Moreover, helix h9 is swung outward from the active 
site; the proteolytic platform is displaced downward 
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with the disrupted active site in the unliganded rest-
ing state. This structural difference elucidates the 
interplay between the PDZ domain and the protease 
domain of Prc (Fig. 2(a)).

To assess the structural role of the PDZ domain 
and the hydrophobic sensor residues, the group 
performed X-ray crystallographic analysis also on 
Prc with PDZ domain deletion or mutations in the 
substrate-sensing hinge using TPS 05A and Photon 
Factory beamline BL-1A (PDB ID: 6IQU, 6IQS).3 The 
bowl-shaped scaffolds in the two structures are su-
perimposable with that in the unliganded structure; 
the proteolytic residues of the active site are also in 
the default misaligned conformation (Fig. 2(c)). The 
results confirm that Prc is maintained in the unligand-
ed resting conformation without the PDZ domain and 
sensor residues.

The group noted helix h9 in Prc. As in the related 
CTPs, helix h9 docks onto two elements of the pro-
teolytic platform to enclose the substrate polypep-
tide. In contrast with the liganded form of Prc, the 
large vaulted space above the platform is correlated 
with the outward rotation of helix h9 in the unligand-
ed form (Figs. 1(a) and 1(b)). Furthermore, the struc-
ture of Prc-S452I/L252Y mutant in the NlpI-bound 

Fig. 3: Illustration of different mechanisms of PDZ-prote-
ases regulation in Prc and CtpB. (a) In Prc, the PDZ 
deletion results in an inactive protease (left). The 
unliganded PDZ domain (octagon) docks inside the 
bowl-like scaffold structure and does not interact with 
the proteolytic active site (middle). The hydrophobic 
sensor (Leu340; indicated with a Y-shaped symbol) 
engages the bound substrate and triggers structural 
remodeling to align the active site residues (right). (b) 
In dimeric CtpB, the deletion of the PDZ domain yields a 
constitutively active protease (left). In the resting state, 
the docked PDZ domain disrupts the proteolytic active 
site (triangles) (middle). Substrate binding induces the 
repositioning of the PDZ domain. The polar sensor 
(Arg168) from the PDZ domain stabilizes the active 
conformation (right). [Reproduced from Ref. 3]

complex shows a partially disordered helix h9 and 
the hinge regions. To investigate the flexibility of 
helix h9 in the resting state, limited proteolysis with 
V8 protease, which has been shown to cleave Prc at 
the peptide bond between Asn211 and Thr212 of 
helix h9, was conducted. The result revealed that the 
liganded form is resistant to proteolysis; the unligan-
ded form yields two fragments. These results confirm 
that helix h9 displays a high degree of flexibility. In 
consequence, the pulley-like helix h9 undergoes a 
disorder-to-order transition and its own remodeling, 
which might cause reorientation of the PDZ domain, 
concomitant with substrate translocation.

This work provides important insight into how sub-
strate binding to the PDZ domain might regulate the 
proteolytic activity of Prc. As noted, the structures of 
the unliganded form of Prc reveal the stimulatory role 
of the PDZ domain. During activation, hydrophobic 
substrate sensors engage substrate binding to the 
PDZ domain and trigger the inward movement of 
helix h9 as well as extensive remodeling of the func-
tional proteolytic platform. There are several notable 
differences between the unliganded form of CtpB 
and Prc (Figs. 3(a) and 3(b)). The PDZ domain in Prc 
does not interact with helix h9 and the proteolytic 
active site; the open gate framed by the helix in CtpB 
is smaller than that in Prc (Figs. 1(d) and 1(e)). Under 
these conditions Prc might be more capable of ac-
commodating and processing more substrates than 
CtpB. These differences indicate the contrasting roles 
of the PDZ domain in the regulation of the proteolyt-
ic activity of CTPs. (Reported by Chuang-Kai Chueh, 
National Taiwan University)

This report features the work of Chung-I Chang and his 
co-workers published in mBio 10, e01129 (2019).

TPS 05A    Protein Microcrystallography
TLS 15A1  Biopharmaceuticals Protein Crystallography
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T he search for economical and sustainable en-
ergy alternatives to the world’s ever dwindling 

reserves of fossil fuels has increased significantly in 
the past decade. In particular, research on advancing 
electrocatalysis at solid–liquid interfaces is vital to 
drive technological innovations that are required to 
deliver reliable, affordable and environmentally com-
patible energy. Synchrotron radiation provides a pow-
erful method to relate the structure and properties 
of molecules and materials. The following research 
highlights are selected from the energy science pub-
lished by the user communities during year 2019. 
These highlights outline synchrotron X-ray techniques 
that are suitable for addressing research questions 
in this domain, as well as for the future direction of 
this field. For instance, the science highlights from 
NSRRC beamlines SP 12B1, TLS 20A1, TLS 17C1 and 
TLS 01C1 show how X-ray scattering or diffraction 
and absorption spectra in situ can reveal the reaction 
intermediates at a material–liquid interface for such 
applications as splitting of water and reduction of 
CO2. The selection from TLS 16A1 demonstrates that 
the formation in situ of Li2S/Mo interlayers can pre-
vent the penetration of lithium dendrites in battery 
applications. The last highlight from TLS 17C1, TLS 
01C1, TLS 24A1 and SP 12B1 reveals a unique local-
ization of charge induced by the decoration of Pt3 at 
the interfacial region between the Co core and the 
Pd shell. This finding has a great benefit for advanced 
fuel-cell catalysts. (by Yan-Gu Lin)

Energy  
Science 



Energy Science

A
CTIV

ITY
 REPO

RT  2019

052

I n solar-driven water-splitting systems, the oxygen evolution reaction (OER) is driven by a four-charge carrier 
transfer path, while the hydrogen evolution occurs on the counter electrode. This OER reaction is regarded 

as a kinetic bottleneck for both artificial photosynthesis and overall water splitting because of the large energy 
requirements to drive the multi-electron transfers. To reveal the fundamental properties of the interfacial charge 
transfer, tracking techniques on an atomic scale that allow simultaneous realization of both the photo- and elec-
trochemical behaviors are highly desirable. Several techniques in situ have been demonstrated to reveal the reac-
tion intermediates at the material–liquid interface. Despite recent advances in techniques for characterization in 
situ, which have resulted in several new perspectives regarding the catalytic behavior of catalysts, detailed discus-
sion of the photoinduced processes in metal and semiconductor (M–S) junctions remains largely inadequate.

Hao-Ming Chen (National Taiwan University) and his co-workers recently developed a Si microwire array with a 
nanoporous surface to act as a photoabsorber, on which Ni nanoparticles were inlaid with the textured surface 
of the wires with a tunable electrodeposition method, which allowed maximizing the interfacial contact of the 
M–S junction. Employing X-ray scattering/diffraction and absorption spectra in situ at TLS 17C1, TLS 01C1 and 
SP 12B1,1 the generation of a photoinduced adaptive NiSi structure was discovered at the interfacial M–S junc-
tion between a state-of-the-art porous Si wire and Ni electrocatalyst, at which oxygen evolution occurred under 
illumination. The contour plots and plots of current density as a function of applied potential under both dark 
and illuminated conditions highlight the different resulting behaviors of the M–S photoanode, as shown in Fig. 
1. The newly identified features were proved to appear only during the photoinduced oxygen evolution, accom-
panied with the formation of α-Ni(OH)2 and β-Ni(OH)2. Furthermore, X-ray absorption spectra during (photo)
electrochemical water oxidation were recorded in situ (Fig. 2), indicating the presence of the orthorhombic NiSi 

Fig. 1: Measurements in situ of grazing-angle X-ray scattering of a photoanode during 
(photo)electrochemical water oxidation: contour plots of grazing-angle X-ray 
diffraction signals of the photoanode in situ in solution (1 M KOH) under illumi-
nation and darkness. The upper images show the scattering intensity (color-cod-
ed) as a function of the voltage; the lower images show the measured current 
densities for both cases. [Reproduced from Ref. 1] 

An Adaptive Ni–Si Layer to Drive Water Oxidation
An adaptive Ni–Si phase can serve an imperative role in the charge transfer of photocatalytic 
water oxidation. 

phase. These results are the first 
direct demonstration through 
several methods in situ to verify 
the formation of an adaptive junc-
tion during photoinduced water 
oxidation; the observations of the 
photoinduced phases in situ were 
characteristic of the formation of 
a metal silicide from the parent 
metal and the silicon semiconduc-
tor. 

In summary, the formation of an 
adaptive silicide phase during 
photoinduced water oxidation is 
the major factor causing a large 
barrier height. This photoinduced 
adaptive layer offers a new per-
spective regarding the catalytic 
behavior of catalysts, especially for 
the photocatalytic water-splitting 
system, and acting as a key aspect 
in the development of highly effi-
cient photoelectrodes. (Reported 
by Yan-Gu Lin) 
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Fig. 2: X-ray absorption spectra of a photoanode recorded in situ during (photo)electrochemical water oxidation. (a) Digital photo-
graph of customized cells used for the X-ray absorption measurements in situ. (b) Voltage-dependent XANES spectra under 
illumination and darkness. (c) Ni+2/Ni+0 ratio and corresponding photocurrent density vs. control potentials. (d) Fourier-trans-
form EXAFS spectra in aqueous solution containing KOH (1 M) under illumination and darkness at various bias voltages. 
[Reproduced from Ref. 1] 

This report features the work of Hao-Ming Chen and his collaborators published in Adv. Energy Mater. 9, 1901308 
(2019). 

TLS 01C1  SWLS – EXAFS
TLS 17C1  W200 – EXAFS
SP 12B1  BM – Materials X-ray Study 
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Li2S/Mo Interlayer to Defend against Dendrite  
Formation
An interlayer with sluggish kinetics can initiatively suppress lithium dendrites efficiently. 

L ithium metal is believed to be the ultimate anode because of 
its extremely high capacity, small density and lowest electrode 

potential, but a metallic lithium anode has not been commercialized 
in consideration of potential risks due to the formation and propaga-
tion of lithium dendrites in conventional liquid electrolytes. Adopting 
nonflammable inorganic solid electrolytes to use with Li anodes is a 
promising way to develop a next-generation technology for energy 
storage. The chemical stability and large shear modulus of inorganic 
solid electrolytes were considered key to preventing the penetration 
of lithium dendrites, but recent research revealed that batteries using 
solid electrolytes are prone to short circuits at large current, because 
a hard-solid electrolyte (thermodynamically stable) actually promotes 
rapid dendrite penetration. More strategies to defend against den-
drite formation in solid electrolytes are hence desirable.

Xiaosong Liu (Chinese Academy of Sciences) and his co-workers re-
cently developed the feasibility of building a soft interlayer (kinetically 
stable) using MoS2 to improve bifunctionally the performance of the 
Li/garnet interface. Employing X-ray absorption spectra (XAS) at TLS 
16A1,1 the team found that, a nanoscale-thin MoS2 layer in contact 
with the Li anode can be converted into an interlayer composed of Mo 
and Li2S through a conversion reaction. The S K-edge XAS of samples 
cycled at varied current densities are shown in Fig. 1. These results 
demonstrate that this interlayer formed in situ grows dynamically as 
the current density increases. The formation and thickening of the thin 
Li2S/Mo interlayer at large current density should be responsible for the 
reversible polarization. Furthermore, this interlayer could both de-
crease an interfacial resistance and defend initiatively against dendrites 

Fig. 1: S K-edge XAS detected in mode total 
fluorescence yield (TFY) of the cycled 
samples. The spectra of Li2S and MoS2 
powder are shown as fingerprints to 
assign the possible reaction products. 
[Reproduced from Ref. 1] 

on tuning the distribution of current and the deposition of lithium.

In summary, this work proposes to decrease the interfacial resistance and to prevent the growth of lithium den-
drite simultaneously through the formation of interlayers in situ enabled by a conversion reaction of MoS2 layers 
coated on a bare Li6.5La3Zr1.5Ta0.5O12 (LLZO) pellet. The sluggish kinetics of the conversion reaction resulting from 
the poor electronic conductivity makes the interlayer formed in situ kinetically stable, which can effectively hin-
der further reaction of MoS2 with Li. This work provides a new strategy to optimize the interface of anodes by 
screening for more candidates that undergo a conversion reaction. (Reported by Yan-Gu Lin) 

This report features the work of Xiaosong Liu and his collaborators published in Energ. Environ. Sci. 12, 1404 (2019). 
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Carbon-Neutral Fuels Move a Step Closer
Single-atom catalysts with high efficiency and selectivity demonstrate outstanding perfor-
mance in electrocatalytic conversion and reactions. 

Fig. 1: Operando XAS characterization. (a)−(b) Fe K-edge XANES spectra (left) and first 
derivative of the spectra (right) of (a) Fe3+–N–C and (b) Fe2+–N–C as dry powder 
(black) and loaded on glassy carbon electrodes at open circuit potential (OCP) 
(blue), -0.1 V (light blue), -0.2 V (green), -0.3 V (dark green), -0.4 V (dark blue), 
-0.5 V (red), and -0.6 V (pink) vs. RHE, with spectra of Fe2O3 (blue dashed), Fe3+TP-
PCl (green dashed), FeO (pink dashed), and Fe foil (orange dashed) as references. 
[Reproduced from Ref. 1] 

T o achieve high energy efficien-
cy and scalability, the reaction 

must occur rapidly and selectively 
at low overpotentials. The electro-
chemical reduction of CO2 could 
play an important role in address-
ing climate-change issues and 
global energy demands as part 
of a carbon-neutral energy cycle. 
The most active electrocatalysts 
for the conversion of CO2 to CO 
are currently gold-based nano-
materials, whereas non-precious 
metal catalysts have shown little 
or modest activity. Many single-at-
om catalysts have recently been 
developed in which numerous 
catalytic metal sites separated 
from each other were chemically 
and electronically constrained 
on solid supports. These catalysts 
exhibit properties and activity 
distinct from both nanoparticles 
and molecular complexes of the 
same metal elements. Single-atom 
catalysts can display outstanding 
electrocatalytic performance, but, 
given their single-site nature, they 
are typically amenable only to 
reactions that involve single mol-
ecules. For processes that involve 
multiple molecules, improved cat-
alytic properties could be achieved 
through the development of 
atomically dispersed catalysts with 
greater complexities.  

Xile Hu (Ecole polytechnique 
fédérale de Lausanne) and Hao-
Ming Chen (National Taiwan 
University) have recently made a 
landmark discovery, successful-
ly developing a highly efficient 
catalyst that converts dissolved 
CO2 into CO–an essential ingredi-
ent of all synthetic fuels, as well 
as plastics and other materials. 
Employing operando X-ray ab-

sorption spectra (XAS) at SP 12B1 and TLS 20A1,1 the authors clarified 
the active sites to be discrete Fe3+ ions, coordinated to pyrrolic nitrogen 
(N) atoms of the N-doped carbon support. Operando XAS measurements 
in the CO2- saturated KHCO3 catholyte (0.5 M) are illustrated in Fig. 1. 
The results imply that Fe3+ sites are more active for generating CO; fur-
thermore, the reduction of Fe3+ sites is accompanied by a change of local 
structure around the Fe ions. A reference sample (Fe2+–N–C) was also 
prepared and operando XAS characterization performed. The results 
indicate that ligands of pyrrolic type are important to maintain Fe sites in 
oxidation state +3 during electroreduction of CO2, and consequently to 
retain the high activity and stability of these Fe3+ sites.

Chen Chen (Tsinghua University) and his coworkers recently also devel-
oped a new catalyst that features two adjacent copper atoms, which they 
call an atom-pair catalyst, that work together to implement the critical 
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bimolecular step in CO2 reduction. Employing an operando XAS 
technique at SP 12B1,2 Chen’s team learned that CuOx (Cu–O) spe-
cies could retain their stability during the electrochemical tests (even 
under potential -0.98 V). According to the XANES spectra (Fig. 2), the 
Cu4–Ox structure is inferred to be the essential active site for conver-
sion of CO2 into CO during reduction of CO2.

In summary, these two works here offer an ideal model of interface de-
sign at an atomic level for the reduction of CO2. The concept of atom-
ically dispersed catalyst is believed to provide an effective and compe-
tent supplement to single-atom catalysis, and will provide numerous 
new opportunities for atomic-level dispersed catalysts to be applied in 
more complicated catalytic reactions. (Reported by Yan-Gu Lin) 

This report features the work of (1) Xile Hu and his collaborators 
published in Science 364, 1091 (2019); (2) Chen Chen and his collab-
orators published in Nat. Chem. 11, 222 (2019). 

TLS 20A1  BM – (H-SGM) XAS 
SP 12B1  BM – Material X-ray Study
•  XANES, EXAFS
•  Materials Science, Chemistry, Condensed-matter Physics, Environ-

mental and Earth Science
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Fig. 2: XAS spectra of catalyst with Cu (0.20 
wt%). (a) Cu K-edge XANES spectra in 
situ with various voltages. (b) Oxidation 
states of Cu with varied voltages from 
Cu K-edge XANES. [Reproduced from 
Ref. 2] 

Metal Chalcogenide Molecular Accelerates  
Hydrogen Evolution
An active immobilized single molecular molybdenum disulfide on carbon support was developed. 

T he production of hydrogen through water split-
ting using earth-abundant metal catalysts is a 

promising pathway for converting solar energy into 
chemical fuels. However, existing approaches for fine 
stoichiometric control, structural and catalytic mod-
ification of materials by appropriate choice of earth 
abundant elements are either limited or challenging. 
For example, platinum-based catalytic systems are 
the most efficient hydrogen evolution reaction (HER) 
electrocatalysts. However, the low abundance and 
high cost of precious metals ultimately restricts their 
large-scale commercial applications. Therefore, the 
development and pursuit of cheap, noble-metal free 
electrocatalysts is highly desirable.

(2019).

Bing-Joe Hwang (National Taiwan University of Sci-
ence and Technology) and his co-workers recently 
developed a synthetic approach to fabricate immobi-
lized single molecular molybdenum disulfide (MoS2) 
on the surface of carbonized polyacrylonitrile (cPAN), 
and the electrocatalytic HER of the MoS2-cPAN com-
posite was performed and benchmarked. Employing 
X-ray absorption spectroscopy (XAS), X-ray diffraction 
(XRD), and X-ray photoemission spectra at TPS 09A, 
TLS 07A1, and TLS 24A1,1 the team found that the 
as-prepared material has no metal−metal scattering 
and it resembles MoS2 with a molecular state. The 
local atomic structure of the MoS2-cPAN catalyst was 
characterized by XAS of the Mo K-edge, as shown 



Energy Science

A
CTIV

ITY
 REPO

RT  2019

057

Fig. 2: XPS high-resolution spectra of Mo 3d, S 2p, and C 1s in the energy regions of (a) Mo 3d of MoS2-cPAN, (b) S 2p of MoS2-cPAN, (c) 
Mo 3d of single molecular and bulk MoS2, and (d) XPS spectra of C 1s for MoS2-cPAN, SPAN, and cPAN. [Reproduced from Ref. 1]

Fig. 1: (a) Mo K-edge XANES spectra of bulk MoS2, Mo foil, and 
MoS2-cPAN; (I) and (II) are enlarged XANES spectra of (a). 
(b) FTEXAFS spectra at the Mo K-edge of bulk MoS2, Mo 
foil, and MoS2-cPAN. [Reproduced from Ref. 1] 

in Fig. 1. XPS analyses were also conducted and are 
depicted in Fig. 2. The results imply that the MoS2 on 
the surface of carbonized PAN exists in the molecu-
lar state and it is suggested that a low coordination 
number and maximum utilization of the single mo-
lecular MoS2 surface enable MoS2-cPAN to demon-
strate a significantly better electrochemical perfor-
mance significantly better than that of bulk MoS2 by 
two orders of exchange current density and turnover 
frequency to the hydrogen evolution.

In summary, the single molecular MoS2 boosts the ac-
tivity of hydrogen evolution, and this excellent activity 
is attributed to the low coordination and high vacan-
cy of the 4d orbital of Mo atoms. This work helps to 
develop highly active single molecular catalysts and 
explore the fundamental reaction mechanism on the 
surface of immobilized single molecular catalysts. 
(Reported by Yan-Gu Lin) 

This report features the work of Bing-Joe Hwang and 
his collaborators published in ACS Nano 13, 6720 
(2019). 

TPS 09A    Temporally Coherent X-ray Diffraction
TLS 07A1  IASW – X-ray Scatteing, EXAFS, XAS 
TLS 24A1  BM – (WR-SGM) XPS, UPS

•  XANES, EXAFS, XRD, XPS, UPS
•  Materials Science, Chemistry, 

Surface, Interface and Thin-film 
Chemistry, Condensed-matter 
Physics

Reference
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Weret, C.-J. Huang, M. K. Birha-
nu, T.-C. Liu, C.-P. Huang, Y.-L. 
Soo, Y.-W. Yang, W.-N. Su, B.-J. 
Hwang, ACS Nano 13, 6720 
(2019).
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T he sluggish kinetics of the oxygen reduction 
reaction (ORR) at the cathode, and the high cost 

of Pt used in electrocatalysts pose obstacles to the 
commercial viability of fuel cell technology. In the 
past decades, substantial efforts have been devoted 
to developing high-performance electrocatalysts with 
minimal Pt content, through the control of particle 
size, morphology, chemical composition, and surface 

Platinum Rules for New Fuel Cells
A core-shell nanocatalyst with promising performance for oxygen reduction reaction was 
developed.  

Fig. 1: X-ray absorption spectra of Pt-decorated Co-Pd and control samples. (a) X-ray absorption near-edge spectra (XANES) of Pt 
L3-edge of standard Pt foil, Pt/carbon nanotube (CNT), Pd-Pt core-shell/CNT (Pd@Pt/CNT), and Pt-decorated Co-Pd/CNT (Co@
Pd-Pt/CNT) catalysts. The inset shows the enlarged post-edge region. (b) Fourier-transformed extended X-ray absorption fine 
structure (FT-EXAFS) of the four samples in (a). (c) XANES spectra of Pd K-edge of Pd/CNT, Pd@Pt/CNT, Co-Pd core-shell/CNT 
(Co@Pd/CNT), and Co@Pd-Pt/CNT catalysts. The inset shows the enlarged region of peaks A and B. (d) FT-EXAFS of the four 
samples in (c). [Reproduced from Ref. 1] 

configuration. Despite the improved ORR activity in 
these advanced studies, there is still room for higher 
Pt utilization efficiency at the atomic level in ORR 
catalysts. In addition, it is notable that durability is an 
even more critical issue of the application of ORR cat-
alysts since the agglomeration and surface corrosion 
of nanoparticles, always result in a rapid decrease 
in the ORR performance. Therefore, designing and 
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Fig. 2 Ultraviolet photoelectron spectra of Pt-decorated Co-Pd 
and controls. The work function of Pt-decorated Co-Pd 
(Co@Pd-Pt/carbon nanotube (CNT)) catalyst is lower 
than that of the control samples including Pt/CNT, Pd/
CNT, Pd-Pt core-shell (Pd@Pt/CNT), and Co-Pd core-shell 
(Co@Pd/CNT) catalysts. [Reproduced from Ref. 1]

synthesizing novel ORR catalysts that possess high 
catalytic activity and durability with a low Pt content 
remains an important challenge.

Tsan-Yao Chen (National Tsing Hua University) and 
his co-workers recently developed a platinum-trimer 
decorated cobalt-palladium core-shell nanocatalyst 
with a low platinum loading of only 2.4 wt% for the 
use in alkaline fuel cell cathodes. Employing X-ray ab-
sorption spectroscopy (XAS), X-ray diffraction (XRD), 
and ultraviolet photoelectron spectroscopy (UPS) at 
TLS 17C1, TLS 01C1, TLS 24A1, and SP 12B1,1 the 
team found that a unique charge localization can be 
induced by the Pt3 decoration at the interfacial re-
gion between Co core and Pd shell. For example, Fig. 
1 shows the normalized Pt L3-edge and Pd K-edge 
X-ray absorption spectra (XAS) of Co@Pd-Pt/CNT cat-
alyst. Combining XAS analysis of both Pt L3-edge and 
Pd K-edge, it is notable that the Pt-Pt bond and Pd-Pd 
bond of Co@Pd-Pt structure were compressed and 
elongated at the greatest extent, respectively. This 
strain effect is likely to introduce charge relocation, 
and may affect the catalytic performance accordingly. 
Furthermore, UPS was carried out to determine the 
work function to elucidate the charge localization 
of the Co@Pd-Pt/CNT nanocatalyst, as shown in Fig. 
2. A strong charge localization on the Co@Pd-Pt 
surface was confirmed according to the substantially 
enhanced intensity of the peak M in the near-Fermi 
level, highlighting the quantum size effect of deco-
rated Pt3 species.

In summary, the authors designed and synthesized 
a ternary nanocatalyst with low Pt-loading that 
consists of a Co@Pd core-shell structure and surface 
decoration of Pt3 species to catalyze ORR in alkaline 
electrolytes. Advanced characterization results re-
vealed a unique charge localization induced by the 
Pt3 decoration at the interfacial region between Co 
core and Pd shell. The Co@Pd-Pt catalyst, possessing 
desirable catalytic activity and durability simulta-
neously with a low Pt content, is promising for the 

future development of low-cost, high-performance 
alkaline fuel cells. (Reported by Yan-Gu Lin) 

This report features the work of Tsan-Yao Chen and 
his collaborators published in Nat. Commun. 10, 440 
(2019). 

TLS 01C1  SWLS – EXAFS
TLS 17C1  W200 – EXAFS
TLS 24A1  BM – (WR-SGM) XPS, UPS
SP 12B1    BM – Materials X-ray Study 
•  XANES, EXAFS, XRD, XPS, UPS
•  Materials Science, Chemistry, Surface, Interface and 

Thin-film Chemistry, Condensed-matter Physics

Reference
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T his section related to environmental and earth 
sciences invariably draws much attention as the 

surroundings in which we live are deteriorating be-
cause of the industrialization and globalization of our 
human development. Herein scientific reports include 
issues describing the adverse impacts of microplastics 
due to disposal in the environment, a fish model for 
paths of accumulation of lead released from the pip-
ing of drinking water, arsenic contamination in the 
surroundings of steel manufacture and groundwater, 
and an investigation of a crucial mechanism for the 
control of the fault strength during an earthquake.

Taiwan synchrotron facilities include endstations 
dedicated to provide an interdisciplinary capabili-
ty for resolving particular elements and functional 
groups, phase-contrast tomographic imaging to 
investigate scientific issues related to environmental 
contamination and microplastic materials or resi-
dues. NSRRC synchrotron-based technologies provide 
three-dimensional tomography on a nanometre scale 
and spatially resolved chemical micro-imaging, such 
as with a transmission X-ray microscope (TXM) and 
an infrared microspectrometer at TLS 01B1 and TLS 
14A1, respectively. X-ray absorption-based beamlines 
TLS 01C1, TLS 07A1 and TLS 17C1 provide the tech-
niques of X-ray absorption spectra (XAS), X-ray ab-
sorption near-edge structure (XANES) and extended 
X-ray absorption fine structure (EXAFS) for the deter-
mination of local structural geometric distortions and 
coordinate number. (by Yao-Chang Lee)

Environ-
mental  
and Earth  
Sciences
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Characterization of Bacteria-Mineral Interaction 
Using the TLS 14A1 IR Microspectroscopy Beamline
Micro-colonization of arsenic-resistant Staphylococcus sp. As-3 on arsenopyrite (FeAsS) and 
identification of functional groups that drive bacteria-mineral association in nature.

Fig. 1:  Staphylococcus sp. As-3 micro-colonization on a FeAsS surface (scanning 
electron microscope observations). [Reproduced from Ref. 3]

Fig. 2: Synchrotron-radiation FTIR analysis of bacteria exposed to various arsenic 
conditions: bacterial cell exposure to various arsenic species. [Reproduced 
from Ref. 3]

T he contamination of groundwater by geogenic 
arsenic (As) is a global environmental hazard that 

affects the health of millions of people each year. Ar-
senic under sedimentary conditions occurs naturally 
as a metalloid that is present at large concentrations 
in geological units enriched with arsenic-containing 
sulfide minerals. Their biogenic transformational fate 
is, however, vaguely understood. Unique interactions 
between the minerals and the microbes play a signifi-
cant role in mineral dissolution and weathering pro-
cesses.1 It is hence essential to understand the biolog-
ical interactions and fate of arsenic-containing pyrites 
under subsurface conditions. Whereas the release 
of As from oxidative dissolution of pyrite has been 
extensively explored, the fate of arsenic-containing 

imaging with IR focal plane array (FPA) mapping of 
a micro-colonized region of FeAsS was undertaken 
to explore the possible bridging forces enabling and 
maintaining this critical bacteria-mineral interaction.

The functional groups associated with As-3 cells 
exposed to various arsenic species and arsenopyrite 
were characterized with a synchrotron-based Fouri-
er-transform infrared (SR-FTIR) microspectrometer. 
The unexposed As-3 cells showed the typical charac-
teristic infrared absorptions of protein amide I and 
amide II bands at 1650 and 1550 cm-1, respectively, 
which were obvious under all arsenic exposure con-
ditions (Fig. 2). Under all three conditions of arsenic 
exposure, arsenic-exposed bacteria demonstrated a 

pyrites under anaerobic mi-
crobe-mineral interactions is un-
clear. Bacteria and mineral surface 
functional groups play a critically 
significant role in the stabilization 
of bacteria-mineral interactions 
and mineral weathering. 

In this work, we explored the 
subsurface biomatrix of the most 
abundant As mineral, arsenopy-
rite (FeAsS). Through bacterial 
adhesion on the surface of a toxic 
mineral, we showed that an ar-
senic-resistant Staphylococcus sp. 
As-3 micro-colonized on FeAsS 
(Fig. 1) could drive the solubiliza-
tion of arsenic under anoxic con-
ditions. 

Jagat Rathod and Jiin-Shuh Jean 
from National Cheng Kung Uni-
versity and Yao-Chang Lee (NSR-
RC) in joint efforts utilized the 
IR-microspectroscope platform at 
TLS 14A12 to elucidate various 
functional-group signatures asso-
ciated with arsenic species such as 
As(III) and As(V), as well as FeAsS 
exposure to arsenic-resistant 
Staphylococcus sp. As-3. Chemical 
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Fig. 3: Infrared (IR) microscopic images of a bacterial micro-colony on arsenopy-
rite demonstrating the various components of the cell, such as the cell wall 
(1072 cm−1), protein (1665 cm−1) and lipid (2825 cm−1) FPA.  [Reproduced 
from Ref. 3]

decreased intensity of the amide bands of a protein 
relative to that unexposed to bacteria. Furthermore, 
responding to arsenic exposure, the intensity of the 
glycosidic bond C-O-C of polysaccharide at 1085 cm-1 
and lipid-dominant characteristic absorption lines at 
2815 cm-1  (methoxy, methyl ether OCH3), 2960 cm−1 
(methyl group), 2925 cm−1 and 2850 cm−1 (methylene 
group) were more intense than those for the unex-
posed cells (Fig. 2). All bacterial samples also showed 
an absorption at 1085 cm-1 that was attributed to the 
νs (PO2

-) mode of the DNA/RNA, an absorption band 
at 1241 cm-1 assigned to νas (PO2

-) of the DNA/RNA 
molecules, an absorption band at 1395 cm-1 assigned 
to the bending vibration of the methyl group and an 
absorption band at 3300 cm–1 assigned to the (-NH) 
stretching vibration of amide A of a protein.3 A broad 
band about 3445 cm-1 is associated with the peptido-
glycan specific –OH stretching vibration of polysac-

charide of the cell wall, indicating that polysaccha-
rides could play an important role in the adhesion of 
arsenopyrite by the As-3 isolate (Fig. 2).

Additionally, SR-FTIR spectral images were construct-
ed based on the peak height of the characteristic 
absorption of the functional group corresponding 
to specific cellular components, such as absorption 
of the amide I band of proteins at 1665 cm-1 and the 
lipid-dominant absorption (νs CH2) at 2825 cm-1  of 
the bacteria bound to the arsenopyrite. Upon adhe-
sion to FeAsS, the biomolecular phosphorus group 
resulted in a strong absorption band at 1072 cm-1, 
indicating the formation of P-OFe bonds for bacteria 
adhering to the mineral surface (Fig. 3). This observa-
tion corroborates previous work on the bacteria-min-
eral interaction.4 In the future, we believe that chem-
ical imaging of the section focal plane that provides 

a better resolved interface region 
between bacteria and mineral 
could further enhance our under-
standing of life on surfaces.

The use of SR-FTIR spectra and 
FPA mapping could be pivotal in 
extending the spatial chemical 
characterization of biological 
interactions occurring in nature 
(e.g. biofilm or micro-coloniza-
tion) or under controlled labora-
tory conditions (e.g. microcosm). 
Along with physical mapping 
with an atomic-force microscope 
(AFM), elemental mapping with 
scanning electron microscope 
(SEM) or transmission electron 
microscopy-energy dispersive 
X-ray spectroscopy (TEM-EDS), 
or microscopic isotope-signature 
mapping with nano-secondar 
ion mass spectrometry (SIMS), 
we foresee the future utility of 
IR-microscopy to elucidate spatial 
functional-group mapping on 
a microscale. Combining these 
high-resolution physical and 
chemical imaging techniques 
holds a path forward to an inclu-
sive characterization. (Reported 
by Yao-Chang Lee)

This report features the work of 
Jagat Rathod and his collaborators 
published in Sci. Total Environ. 
669, 527 (2019). 
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TLS 14A1   BM — IR Microscopy
•  SR-FTIR, FPA Mapping
•  Bacteria-mineral Interaction, Arsenopyrite (FeAsS), 

Micro-colonization, Chemical Imaging
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Microplastics at the Northern Coast of Taiwan
Micro-colonization of arsenic-resistant Staphylococcus sp. As-3 on arsenopyrite (FeAsS) and 
Microplastic pollution is a global issue and greatly affects the environment in which we live. 
Synchrotron-based infrared microspectroscopy provides a precise identification of microplastic. 

T he purpose of the invention of plastic bags in 1959 was to save the planet. Nowadays, it is ironic that plastic 
pollution is growing as a result of the plastic industrial development. According to a document of the World 

Health Organization (WHO), microplastics have been found in our living settings and even in food, of which the size 
of tiny plastic fragments less than five millimetres is defined as microplastics. If the size is larger than 150 microme-
tres it is unlikely to be absorbed in the human body, whereas the uptake of smaller particles is a small possibility 

Fig. 1: Maps of the study area and transects within Wanli Xialiao Beach near Jinshan, 
New Taipei City, and northern Taiwan. (a) Map of northern coast of Taiwan 
with a rectangle showing the study areas. (b) Map of northern Taiwan with the 
location of Jinshan, as well as locations of four beaches (Shalun, Baishawan, 
Waimushan, Fulong) that were sampled for microplastics. (c) Detailed map of 
the study area. The locations of the investigated transects on Xialiao beach 
are indicated with red dots. Numbers 1 to 4 represent transect 1 to transect 4. 
[Reproduced from Ref. 1]

according to WHO investigations. 

Based on the growing microplastic 
problem, a research team of Taipei 
Medical University, National Tai-
wan University and National Sun 
Yat-sen University investigated 
since early 2015 the microplastic 
and mesoplastic pollution of an 
area of Wanli Xialiao Beach near 
Jinshan in northern Taiwan using 
SR-FTIR microspectroscopy and 
ATR-FTIR microspectroscopy. The 
research team studied a sand 
sample of depth under 1 cm from 
the surface that was collected in 
a systematic manner. In total 80 
samples were collected along four 
transects; the plastic particles (≥ 
1 mm) were extracted and quan-
tified. In total, 1939 microplastic 
particles were recovered, with an 
average 96.8 particles per square 
metre. Statistical analysis showed 
that the backshore had signifi-
cantly more microplastic particles 
than the supra littoral or intertidal. 
Approximately 6.8 million plas-
tic particles (≥ 1 mm) weighing 
about 250.4 kg were estimated in 
the surface layer of Wanli Xialiao 
Beach on extrapolating the num-
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bers of plastic particles found. Resampling curves were created from the data set, which showed that 20 samples 
as a minimum should be taken to estimate adequately the mean particle abundance.  

Wanli Xialiao Beach in Jinshan is located on the northern coast of Taiwan (Fig. 1) and is part of a beach system 
developed along the floodplain of the Huang River and Yuantan River. Zhongjiao Beach and Xialiao Beach are 
separated by the Shitoushan Hills. Xialiao Beach has length 2.33 km; the width, measured from the dune to the 
high tide line, varies from approximately 70 m in the northwestern part to approximately 30 m in the south-
eastern part. The total area of the beach is estimated about approximately 70130 m2 based on satellite images 
provided by Google Earth. The northwestern part of the beach is bordered by the mouth of the Yuantan River. 
With length 6.2 km and catchment area 22.33 km2, which is mostly in unpopulated mountainous areas, the river 
is relatively small. 

The sampling scheme was based on the Marine Strategy Framework Directive (MSFD) Technical Subgroup on 
Marine Litter report,2 Kunz3 and Besley.4 Samples were collected from a square with each side of length 0.5 
meter. Keeping the sampled area and depth as constant as possible at 1 cm using a Polyvinal chloride (PVC) 
tube frame, sand was collected from the surface with a metal scoop. The sampling depth varied from 1 to 2 cm 
in some sampling places. Each sample therefore represents an area 0.25 m2, or an estimated average volume 
0.0025 m3 but with some variation. The starting point for sampling plastic of each transect was at the fence on 
the top of the dune; a constant distance frame 2 m was moved towards the water line until the wet part of the 
intertidal zone was reached. For transect number 3, the starting point was, however, on the slope of the dune 
and not at the fence because of the dense vegetation in that area of the beach (Fig. 2).

268 potential microplastic particles were recovered from transect 2 (Fig. 1); 249 particles of these particles were 
analyzed at the endstation for SR-FTIR microspectroscopy at TLS 14A1. Potential microplastic particles were 
further analyzed with the attenuated-total-reflection Fourier-transform infrared (ATR-FTIR) microspectroscope, 
which includes a FTIR spectrometer equipped with an IR microscope coupled with a dedicated 20x ATR objec-
tive, which is an anvil-shaped Ge crystal with contact area 80 μm2. Functional groups of chemical components 
were identified based on the characteristic IR absorption lines of plastics. The FTIR spectra of each plastic particle 

Fig. 2: Sampling points along the four transects for each beach zone and each transect (the mean and standard deviation of 
potential microplastic particles per 0.25 m2 are also given). The grey square marks the starting point for each transect. Beach 
zones were assigned during field work by visual interpretation of the beach morphology. Please note that each transect was 
rotated and aligned along the fence for illustrative purpose. All transects have the same scale. [Reproduced from Ref. 1]
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adhering on the filter paper sheet were acquired with 512 scans at spectral resolution 4 cm−1 in spectral range 
4000–400 cm−1. The FTIR spectra of each microplastic particle were compared with a database of standard 
spectra (OMNIC 9.2, 2012; Thermo-Fisher Scientific Inc., Waltham, MA, USA), which the research team collected 
from various plastic objects made of varied plastic types: acrylonitrile butadiene styrene (ABS), polyamide (PA), 
high-density polyethylene (PE-HD), low-density polyethylene (PE-LD), polyethylene terephthalate (PET), polylac-
tic acid (PLA), polypropylene (PP), polystyrene (PS), polyurethane (PUR) and PVC; at least five specimens of each 
plastic type were measured with the FTIR spectrometer as described above to obtain representative spectra for 
each plastic type (Fig. 3).3 

For the microplastic pollution of Xialiao Beach in northern Taiwan, there were on average 96.8 particles per 
square meter on this particular beach because microplastics were found in 75 out of 80 samples (94%). Based 
on these findings, the research team deduced that the entire beach was polluted with microplastics – approxi-
mately 6.8 million plastic particles with estimated mass 250.4 kg at the surface of the entire beach, which should 
be present in the surface layer of Xialiao Beach. Most microplastics, identified with synchrotron-based infrared 
microspectroscopy and ATR-FTIR microspectroscopy, accumulated at the backshore with a high level of variation 
between samples, transects and beach zones (Fig. 3). Reporting a complete and unbiased picture of microplastic 
pollution, either randomly or systematically with several transects and a sufficient number of samples on each 
transect, were strongly suggested for sampling. Furthermore, the representative large number of overall mi-
croplastic pollution is necessary for sampling microplastic samples from a target area. The investigation results 
from other studies were possibly greater than that of the result of this research team in East Asia. The research 
team suggested reporting an average for the entire beach, but the number of locations at which plastic samples 
were obtained was too small, so as to cause an unexpectedly large extent of microplastic pollution. Based on the 
results of the resampling curves, we believe that our results represent the true average pollution of Xialiao Beach 
rather closely. (Reported by Yao-Chang Lee)

This report features the work of Alexander Kunzd and his collaborators published in Mar. Pollut. Bull. 140, 75 
(2019). 

Fig. 3: (a) FTIR spectra of the three most common plastic types found in the collected samples. The reference spectra and one repre-
sentative spectrum from a sample are shown. [Reproduced from Ref. 2] (b) Number of potential microplastic particles found in 
each transect in relation to the distance from the fence on the dune at 0 m. The scales of the x and y-axes were kept constant 
in each figure to allow for visual comparison between each transect. [Reproduced from Ref. 1] 
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TLS 14A1  BM — IR Microscopy
•  FTIR Microspectroscopy
•  Environmental Science, Biological Science, Medical Science, Materials Science, Chemistry  
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Lead (Pb) Poison in Drinking-Water Systems
Nanoscale lead dioxide particles (nPbO2) in the corrosion product formed inside lead-bearing 
pipes or lead-containing faucets in systems for the distribution of drinking water can release 
toxic lead ions (Pb2+), which cause lead poisoning in human beings, especially children. 

M any countries, including USA, UK, Canada, 
Australia and Taiwan, still have Pb service 

pipes in their distribution systems for drinking water. 
Pb-contaminated drinking water was reported to 
cause blood lead poisoning in human beings, espe-
cially children. Nanoscale Pb dioxide (nPbO2) is a solid 
particulate of tetravalent Pb oxides known to form 
on the inner surface of lead pipes with drinking water 
of high oxidation-reduction potential, such as chlori-
nated water. nPbO2 can be reduced to lead ions (Pb2+) 
when free chlorine is switched to monochloramine, 
which causes the lead water crisis. The water matrices 
that affect aqueous redox conditions also alter the 
stability of nPbO2 contributing to this Pb contami-
nation problem. The dissolution of nPbO2 increases 
with increasing concentration of dissolved inorganic 
carbon and natural organic matter and with decreas-
ing pH. Furthermore, nPbO2 can be dislodged from 
a pipe surface under large flow rates, so to enter the 
water supply and become released into the environ-
ment. Although the replacement of lead pipes with 
copper and stainless-steel pipes has been attempted 
in various countries to remove lead sources from their 
distribution systems, small segments of lead pipes 
typically remain because of the high cost and poor ac-
cessibility in private premises; this partial replacement 
can induce galvanic corrosion, releasing more lead 
into the water supply. The major sources of lead in 
the distribution system are hence the remaining lead 
service pipes and lead-containing plumbing materials 
such as solder, faucets and valves, particularly those 
made from brass that contains about 2% Pb to en-

hance its machinability. Many authors have reported 
various toxic effects induced by metallic or metal-ox-
ide nanoparticles in vitro and in vivo. These authors 
suggested that some observed toxicity symptoms of 
nanoparticles are similar to those of their respective 
metal ions. Further information on the toxic mecha-
nism of nPbO2 is essential to understand the Pb bio-
availability and toxicity in humans. 

Pei-Jen Chen (National Taiwan University) and her 
collaborators recently used adult medaka fish (Oryzias 
latipes) as an animal model to investigate the uptake, 
lead dissolution, bioaccumulation and toxic effects 
of nPbO2, microscale bulk Pb dioxide (bPbO2) and 
Pb2+ in vivo upon acute to sub-chronic aqueous expo-
sure.1 Utilizing X-ray absorption near-edge structure 
(XANES) spectra at TLS 07A1 the team found that 
both nPbO2 and bPbO2 could be reductively dissolved 
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into Pb2+ in both the intestines (major uptake route) 
and gills of the fish (Fig. 1), thereby enhancing hepat-
ic Pb accumulation. Employing a transmission X-ray 
microscope (TXM) at TLS 01B1, the team revealed 
that more nPbO2 and bPbO2 were aggregated in the 
intestine than in the gills of the medaka fish (Figs. 
2 and 3). This result is consistent with the quanti-
fication of Pb bioaccumulation analysis and quan-
titatively confirmed that medaka fish can take up 
metal-oxide particles (e.g. PbO2) mainly via their gut, 
followed by gill inhalation. Also, in the intestine, me-
daka ingested more lead particles (greater quantity 
of bPbO2 than nPbO2) than their release ions through 
their food-pecking behaviour, according to which 
aggregated nanoparticles at the bottom of the water 
column might resemble food to the medaka fish. In 
addition, the team analysed AChE activity that serves 
as a biomarker of neurotoxicity induced by heavy 
metals such Pb2+, Hg2+, Cd2+ and Cu2+ in human beings 
and other animals. The results indicated that the fish 
brain exhibited greater Pb accumulation and acetyl-
cholinesterase inhibition with Pb2+ treatment than all 
PbO2 treatments. The Pb content was greater in the 
gills, liver and brain with nPbO2 than bPbO2.   

In summary, the environmental fate and potential 
impact of corrosion product PbO2 in drinking water 
on human health and environmental safety have 
raised great concern worldwide. The investigation of 
Pb dissolution from PbO2 nanoparticles in medaka 
fish confirmed that medaka fish can take up aggre-

gated nanoparticles such as PbO2 settled in the water 
column, mainly via oral digestion, whereas suspended 
nanoparticles or ions such as Pb2+ likely enter by gill 
inhalation. Furthermore, PbO2 particles can be reduc-
tively dissolved into Pb2+ in the two uptake organs, 
intestine and gills, hence increasing the hepatic Pb 
content and conferring other toxic effects in the 
organs. The main cause of the observed toxic effect 
of metal-oxide particles such as PbO2 might be ion 
release from the aqueous dosing solutions or in the 
biological fluid of digestive or respiratory organs. The 
evidence in vivo implies the possibility of increased 
risk of exposure to Pb dissolution from PbO2 particles 
in the digestive system via drinking water that can 
enhance the bioavailability of Pb uptake and toxicity 
in humans. (Reported by Yen-Fang Song)

This report features the work of Pei-Jen Chen and her 
collaborators published in Environ. Sci.: Nano 6, 580 
(2019). 

TLS 01B1  SWLS – X-ray Microscopy
TLS 07A1  IASW – X-ray Scattering 
•  TXM, XANES
•  Environmental Science, Materials Science, Medical 

Biology, Geology, Chemistry.

Reference
1. D.-Q. Ng, Y. Chu, S.-W. Tan, S.-L. Wang, Y.-P. Lin, C.-

H. Chu, Y.-L. Soo, Y.-F. Song, P.-J. Chen, Environ. Sci.: 
Nano 6, 580 (2019).

Fig. 1: Pb L3 edge XANES images of the (a) intestine at 3 h, 6 h and 24 h treated with 20 mg L-1 Pb nPbO2, (b) intestine and (c) gills af-
ter 3 d treated with bPbO2 and nPbO2 (20 mg L-1 Pb equivalent). Organs from two fish with the same treatments were pooled. 
Spectra represent a combination of three repeated scans. Laboratory-synthesized nPbO2 and analytical grade Pb(NO3)2 and 
PbCO3 were used as standard references. XANES spectra for the fish intestines and gills with background Pb2+ exposure were 
undetectable. [Reproduced from Ref. 1] 
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Fig. 2: TXM images of digestive tracts of medaka fish in (a)–(b) 
bland control, and solutions with (c)–(e) 20 mg/L nPbO2 
and (f)–(h) 20 mg/L bPbO2. [Reproduced from Ref. 1] 

TLS 01B1  SWLS – X-ray Microscopy.

Fig. 3: TXM images of gill tissue of medaka fish in (a)–(b) bland 
control, and solutions with (c)–(e) 20 mg/L nPbO2 and  
(f)–(h) 20 mg/L bPbO2. [Reproduced from Ref. 1]
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The Role of Grain Fragmentation During an Initial 
Seismic Slip
Powders generated by fault surface comminution together with frictional melt play an im-
portant role in controlling the fault strength during an earthquake

During a major earthquake, frictional heat generated by the rapid slip of fault surfaces (velocity > 1 m/s) can 
trigger numerous physicochemical processes. These processes have been experimentally and theoretically 

identified as dynamic weakening mechanisms that can significantly decrease the fault strength;1 for example, 
flash heating and weakening triggered at initial faulting2 and melt lubrication occurred after a large slip.3 The 
transition between these two weakening mechanisms, however, remains unclear. More relevantly, how the 
associated products derived from both surface comminution and frictional melting influence the fault strength 
during a fault rupture is not well constrained.

To address the issue, Li-Wei Kuo’s team (National Central University) performed high-velocity rock friction ex-
periments on granitic gneiss using a rotary shear apparatus. The experiments were conducted in various slips to 
cover the triggered processes, including the flash heating and weakening and melt lubrication. Interestingly, the 
frictional behavior between the flash heating and weakening and the melt lubrication shows a strengthening 

Fig. 1: TXM images of solidified frictional melts in four states. 
Internal microstructures all show substantial ultrafine 
quartz grains with sub-angular and angular‐to‐spherical, 
and ellipsoidal, shapes surrounded by a melt matrix. 
[Reproduced from Ref. 5].

trend (faults become strong) that was derived from 
the combined effect of comminution products and 
frictional melts. Traditional micro-analytical instru-
ments (e.g. optical microscope and scanning electron 
microscope) show similar results of a distribution 
of particle size, but this distribution obtained from 
both optical and electron microscope methods was 
calculated from the exposed surface of the polished 
particles. With the highly penetrating synchrotron 
technique and great spatial resolution, the solidified 
melt matrix becomes non-destructively observable 
with resolution to 50 nm, which might be relevant 
to the observed slip behaviour in a transition. In this 
research, Kuo’s team and Chun-Chieh Wang (NSRRC) 
used a synchrotron transmission X-ray microscope 
(TXM) at TLS 01B14 to obtain two-dimensional radio-
graphic images of survivor grains (Fig. 1). Those imag-
es were further used to determine the particle-size 
distribution (PSD) of the survivor grains embedded 
in bulk samples (Fig. 2). Based on these results, the 
team found that the intact shape and number of 
survivor grains varied significantly in four distinct 
states. Abundant ultrafine angular quartz grains were 
also observed at an initial slip. With an increase of 
slip, ultrafine quartz grains within the solidified melts 
became fewer and their shapes altered from angular 
to spherical. This shape change of quartz grains was 
proposed to result from partial melting at the sharp 
edges of the angular quartz grains because of their 
large surface areas (Gibbs-Thomson effect). Impor-
tantly, pervasive partial melting of quartz seems to af-
fect the chemical composition of the melts (increased 
melt viscosity), which agrees satisfactorily with the 
chemical data obtained from the solidified melt ma-
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What Is to be Expected in a Contaminated Area?
When an agricultural area is located in the vicinity of a steel factory, the nature of arsenic 
retention by soil must be identified. 

Fig. 2: Distribution of particle size of surviving grains within a 
melt matrix in four states. [Reproduced from Ref. 5.]

TLS 01B1 SWLS – X-ray Microscope.

trix. They hence suggested that grain fragmentation 
during an initial seismic slip affects the melt rheology 
and transiently increases the fault strength, con-
firmed with TXM on solidified melts. 

In summary, the utilization of a synchrotron TXM 
improved the understanding of the role of grain 
fragmentation and its associated products during an 
initial seismic slip. The additional fragmented grains 
generated from surface comminution might hamper 
an initial fault slip by increasing the viscosity of the 
frictional melt. Most importantly, this fault-strength-
ening behavior becomes noticeable at smaller 
depths, which demonstrates that pseudotachylytes 
might not always be an indication of fault lubrication 
(Reported by Li-Wei Kuo, National Central University, 
and Chun-Chieh Wang).

This report features the work of Li-Wei Kuo and his 
collaborators published in J. Geophys. Res. Solid Earth 
124, 11150 (2019).

TLS  01B1 SWLS – X-ray Microscope 
•  TXM
•  Geosciences
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S everal metals and metalloids are physiologically 
essential for living organisms as trace elements 

(TE), but, when present in excessive concentrations, 
they might have harmful effects for human beings, 
animals, plants and microorganisms. In most cases, 
high soil levels of TE derive from particular indus-
trial activities; industrial areas are hence commonly 
known for their high level of contamination. These 

areas are typically contaminated with multiple ele-
ments, some of which are insufficiently monitored, 
because they contain elements that are rarely stud-
ied. Such elements include V, Mo, Se, Ag, Sn, Sb and 
Tl, whereas other elements such as As, Cd, Co, Cr, 
Cu, Fe, Mn, Ni, Pb and Zn are more often studied. In 
Greece, there are a few known contaminated areas, 
located mainly around former mining exploration 
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sites and in industrial areas of main cities, but there 
are some areas that are suspected to be contaminat-
ed but that have never been investigated. One such 
area is the industrial area of Volos (IAV); this area has 
the unique features of being (a) used continuously 
for centuries for the production of food crops, mainly 
wheat and maize, and (b) in the vicinity of various 
activities that would result in TE enrichment. Because 
pertinent understanding is lacking, little is known 
about the dynamics of TE in soil and the associated 
risks for human health in such under-explored areas. 

Vasileios Antoniadis (University of Thessaly, Greece), 
with the collaboration of Jörg Rinklebe and Sabry M. 
Shaheen (University of Wuppertal, Germany), Shan-Li 
Wang (National Taiwan University) and Yu-Ting Liu 
(National Chung Hsing University), assessed the risks 
to human health related to the pseudo-total and 
potentially available TE in soils and cultivated maize 
in the agricultural area adjacent to the IAV.1 For this 
purpose, the use of XANES at TLS 17C was an import-
ant tool for the identification of the nature of arsenic 
(As) retention in the tested soils because it is a highly 
enriched element in the studied area.

Two soils with the greatest levels of As (sample #3, 
216 mg kg-1; sample #16: 179 mg kg-1) were selected 
for XANES analysis at TLS 17C to identify the predom-
inant mineralogical association of As in the soils. The 
results revealed that in both samples Fe (hydr)oxides 
(e.g., ferrihydrite) were the predominant soil mineral 
in association with As; normalized values for As(V) 
attributed 87.3% of this species to ferrihydrite in 
sample #3 (Fig. 1); the remaining 12.7% was attribut-

ed to the much more toxic As(III) species (R-factor 
0.0031324, Fig. 2). Similarly, in sample #16, 82.3% of 
As was attributed to As(V) and 17.7% to As(III), both 
related to Fe (hydr)oxides (R-factor 0.0021428).

This agricultural field under investigation is adjacent 
to the industrial area of Volos, Greece. The soils were 
extremely enriched with thallium (Tl), a highly toxic 
metal. Along with Tl, the soils contained As in large 
concentrations. The XANES spectra of these soils have 
provided information to bring insight into the nature 
of As retention by soil constituents. This novel study 
can pave the way and create urgent future means for 
monitoring other areas in the world with similar char-
acteristics of trace-element contamination. (Reported 
by Shan-Li Wang, National Taiwan University) 

This report features the work of Jörg Rinklebe and his 
collaborators published in Environ. Int. 124, 79 (2019).

TLS 17C1  W200 – EXAFS
•  XAS
•  Environmental Sciences

Reference
1. V. Antoniadis, E. E. Golia, Y. T. Liu, S. L. Wang, S. M. 
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Fig. 2:  XANES spectra of As in sample #16 of the industrial area 
of Volos, Greece. [reproduced from Ref 1]

Fig. 1: XANES spectra of As in sample #3 of the industrial area 
of Volos, Greece. [reproduced from Ref 1]



N
eutron Science

A
CTIV

ITY
 REPO

RT  2019 T he neutron technique seeks to answer varied sci-
entific questions about the fundamental nature 

of materials on an atomic scale and for medical ap-
plications at a nanometre scale. By answering these 
questions, neutrons help spur innovations that im-
prove our daily lives such as increased energy efficien-
cy for a cooling mechanism, more effective drugs and 
novel frustrated magnetic materials. Using neutron 
instruments, researchers count scattered neutrons, 
measure their energies and the angles at which they 
scatter, and map their final position. This capability 
makes possible for scientists to glean details about 
the nature of materials ranging from single crystals to 
thermally isolating materials, from proteins to drug 
systems, from metals to magnets.

The following remarkable studies were performed 
by our user communities; they completed their phe-
nomenal research at OPAL, ANSTO using neutron 
instruments at the state-of-the-art in year 2019.  Four 
reports include the highlights from Taiwan-built SIKA 
showing cooling technology in the future, reported 
by Bing Li. The two highlights from SANS instruments 
show how a superbug escapes antibiotic attack, by 
Jhih-Hang Jiang, who used QUOKKA for this re-
search, and another investigation of a multifunctional 
nano-carrier as a potential micro-RNA delivery vehicle 
for neuroblastoma treatment, by Kuen-Song Lin, who 
performed the experiments at BILBY. The last article 
on research in magnetic correlations in disordered 
uorite Dy2Zr2O7 was presented by J. G. A Ramon, 
who undertook measurements at WOMBAT. (by 
Shih-Chun Chung)

Neutron 
Science



N
eutron Science

A
CTIV

ITY
 REPO

RT  2019

073

Cooling Technology in the Future
Plastic crystal could be the key for next generation of refrigeration technology. 

R efrigeration is very important 
in modern society. The society 

is consuming 25 to 30 percent of 
world’s electricity for cooling food 
and space. Current refrigeration 
technology is mostly using the 
conventional vapour compres-
sion cycle. The materials which 
are being used are of growing 
environmental concern because 
of their global warming potential. 
Refrigeration technology based 
on solid state caloric effects have 
been attracting attention in re-
cent decades as an alternative. 

However, because of small iso-
thermal entropy change and 
large driving magnetic field, their 
application is restricted by limited 
performance of current caloric 
materials. In this paper, SIKA 
user, Bing Li (Chinese Academy of 
Sciences) and his multinational 
collaborators reported colossal 
balocaloric effect (CBCEs) (baro-
caloric effects are cooling effects 
of pressure induced phase tran-
sitions) in a class of disordered 

Cycle of cooling by using Balocaloric effect. [Reproduced from Ref. 1]

Fig. 1: Elastic incoherent scattering intensity 
as a function of temperature at Q = 
2.1 Å−1, measured on SIKA. [Repro-
duced from Ref. 1] 

solids called plastic crystals. In this project, the team has worked on 
a representative plastic crystal, neopentylglycol (NPG), the recorded 
entropy changes are about 389 joules per kilogram per kelvin near 
room temperature. Neutron scattering measurements with pressure 
setting reveal that CBCEs in plastic crystals can be attributed to the 
combination of extensive molecular orientational disorder, giant 
compressibility and highly anharmonic lattice dynamics of these ma-
terials. This study establishes the microscopic mechanism of CBCEs 
in plastic crystals and paves the way to next generation solid-state 
refrigeration technologies

Li’s team recently published their study in Nature.1 They report on an 
unusual phase transition in a plastic crystal. The colossal barocaloric 
effects, reported here in a class of highly disordered solid, could be a 
solution to the next-generation of solid-state refrigeration technol-
ogies. Using neutron scattering instruments at Japan Proton Accel-
erator Research Complex (J-PARC) and Australia’s Nuclear Science 
and Technology Organisation (ANSTO), the team monitored the molecular dynamics of this material. Their ex-
perimental results and computer simulations are consistent. At the early stage of this research, SIKA instrument 
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Fig. 2: Pressure-dependent phase transition and dynamics of NPG. (a) Temperature–pressure phase diagram, determined using 
high-pressure DSCs. Details about the datasets obtained at Osaka University and at Setaram are provided in Methods. Solid 
lines are guides for the eye. (b) Pressure-induced entropy changes (ΔSP0→P) during heating for pressure changes from ambient 
pressure (P0 = 0.1 MPa) to P = 15.2, 30.4, 45.0, 71.5 and 91.0 MPa. (c) High-pressure synchrotron XRD spectra at 318 K, show-
ing the pressure-induced cubic-to-monoclinic transition. λ, wavelength; θ, scattering angle. (d)−(e) QENS measurements at 
ambient pressure (d) and 286 MPa (e) obtained at 325 K with Ei = 2.64 meV. (f)−(g) INS measurements at ambient pressure (f) 
and 286 MPa (g), obtained at 325 K with Ei = 23.72 meV. We note that the inelastic signals at about 1.3, 2.6, 4.4 and 5.1 Å−1 are 
contributed by phonons from Teflon. (h)−(i) Structural snapshots of molecular dynamics simulations at 340 K under ambient 
pressure (h) and 200 MPa (i). The red balls represent oxygen atoms, and their random arrangements are suppressed under 
pressure. [Reproduced from Ref. 1]

scientist, Shinichiro Yano (NSRRC) identified an anom-
aly in the incoherent elastic scattering intensity as 
shown in Fig. 1 at the structural phase transition after 
conducting neutron scattering experiments on SIKA.

After the SIKA experiment, Li followed up the work 
on the inelastic neutron scattering (INS) spectrometer 
PELICAN at ANSTO, pressure dependent Quasi elastic 
neutron scattering (QENS) experiment and INS on 
AMATERAS at J-PARC (Figs. 2(d)−2(g)), high pressure 
DSCs experiment (Figs. 2(a) and 2(b)) at Osaka Uni-

versity in Japan, high pressure synchrotron XRD mea-
surement in SPring-8 in Japan (Fig. 2(c)), and density 
functional theory (DFT) calculations for simulations 
(Figs. 2(h) and 2(i)). These experimental and theo-
retical insights unambiguously indicate that the CBCE 
of NPG can be attributed to the suppression of the 
extensive orientational disorder by pressure.

To summarize, Li and his colleague have discovered 
that plastic crystals exhibit CBCEs and determined 
the microscopic origin through pressure-dependent 
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QENS and INS measurements. Plastic crystals are very 
promising for practical refrigeration applications 
given that they are abundantly available, environ-
mentally friendly and easily driven and have high 
performance. Our work indicates a new direction 
for emergent solid-state refrigeration technologies. 
(Reported by Shinichiro Yano) 

This report features the work of Bing Li and his collab-
orators published in Nature 567, 506 (2019). 

ANSTO  SIKA—Cold Neutron Triple-axis  
  Spectrometer

•  Neuron Inelastic Scattering
•  Materials Science, Plastic Crystal, QENS, Caloric Effect
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1. B. Li, Y. Kawakita, H. Wang, T. Kikuchi, D. Yu, S. 

SIKA – Cold neutron triple-axis spectrometer (with dilution 
fridge and magnet). 

Magnetic Correlations in the Disordered Fuorite 
Dy2Zr2O7
Dy2Zr2O7 has a dynamic magnetic ground state, but not possess the spin-ice correlations 
seen in the chemically ordered Dy2Ti2O7 compound. Bulk magnetic properties, specific heat 
and neutron diffraction support that the fluctuating Dy3+ spins are in a disordered, liquid-like 
state, which do not freeze into a canonical spin-glass.  

M agnetic frustration, i.e. competing interactions, is common in systems of interacting degrees of freedom. 
As a result, exotic phenomena are often observed in these systems. The magnetic frustration can be cata-

loged into two major types: geometric frustration and the frustrations among the random distributed magnetic 
ions. The cubic pyrochlore oxides, A2B2O7, is an ideal example of geometrically magnetic frustration because 
the A and B ions reside on two distinct interpenetrating lattices of corner-sharing tetrahedra. If A, B, or both are 
magnetic and the nearest-neighbor exchange interaction is antiferromagnetic, the system is highly geometrically 
frustrated. As a result, antiferromagnetically coupled classical Heisenberg spins on the pyrochlore lattice do not 
develop long-range order at any nonzero temperature, opening up new avenues for novel intrinsically quantum 
mechanical effects to emerge at low temperatures.1 However not all the A2B2O7 compounds crystallize into the 
pyrochlore structure. Some of them crystallize into the disordered fluorite structure.2 The title compound is one 
of the examples. In the disordered fluorite structure, the metal ions randomly distribute on two interpenetrating 
sublattices of corner-sharing tetrahedra. 

In this work J. G. A. Ramon (University de São Paulo, Brazil) and his collaborators report the bulk properties and 
neutron diffraction of Dy2Zr2O7, suggesting that a significant amount of disorder can lead to a dynamic ground 
state when combined with frustration at low temperatures. Dy2Ti2O7, a well-studied pyrochlore compound, is in 
the “spin ice state” at low temperatures. The recovered electronic entropy, shown in Fig. 1, asymptotically ap-
proaches (R/2)ln(3/2) which is the ice entropy found by Linus Pauling. On the other hand, the recovered entropy 
of Dy2Zr2O7 is close to the Rln(2), for a system with only two discrete orientations. This directly indicates that 
there is no spin-ice state in Dy2Zr2O7. 

Magnetic diffraction data sets at 40 mK are shown in Fig. 2. The net intensity has been corrected for the |Q| 
dependence due to the Dy3+ magnetic form factor so that models of possible spin structures can be compared. 

Yano, W. Ren, K. Nakajima, Z. Zhang, Nature 567, 
506 (2019).
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Fig. 1:  Recovered electronic entropy Se as a 
function of the temperature for Dy2 

Zr2O7 and Dy2Ti2O7. The dashed lines 
denote the expected values for Ising 
spins (Rln2) and spin ices. [Reproduced 
from Ref. 3]

Fig. 2: Magnetic neutron scattering for Dy2 

Zr2O7 at 40 mK, after a dataset at 10 K 
was subtracted to remove the non-
magnetic background, including that 
from the crystalline structure. Data (red 
circles) are plotted against the pow-
der-averaged dipolar spin-ice model 
(dashed line). [Reproduced from Ref. 3] 

Fig. 3: Spatial spin-spin correlations as a function of the ap-
plied magnetic field at 40 mK. Main panel: Magnetic 
diffraction at 0 and 10-kOe Gaussian fits with a common 
instrumental background are used to describe the data. 
Inset: Field dependence of the correlation length deter-
mined from the Gaussian width of the broad maxima 
seen around |Q| ≈ 1.15 Å−1. [Reproduced from Ref. 3] 

No long-range magnetic order is observed. The broad distribution 
of excess magnetic scattering centered at roughly 1.2 Å -1 is char-
acteristic of antiferromagnetically coupled Ising spins on the cor-
ner-sharing tetrahedral lattice. The lack of forward scattering at low 
|Q| indicates the absence of ferromagnetic correlations and is con-
sistent with our negative Curie-Weiss temperature. The blue dashed 
line represents the powder average dipolar spin-ice model observed 
in Dy2Ti2O7, Dy2Sn2O7 and the other spin-ices, where the scattering 
maximizes at |Q| ~0.6 and ~1.6 Å -1, which is very different from that 
observed in Dy2Zr2O7.

In the presence of magnetic field the shape of the low angle scatter-
ing visibly changed. When 10 kOe is applied, as shown in Fig. 3, the 
broad scattering sharpens up, but remains centered at 1.15(7) Å-1. 
Fitting these, and other data, results in the curve shown in the inset. 
Here we plot the correlation length calculated from the full width 
at half maximum of the broad diffuse scattering. The observed 
short-range, spin-spin correlations lengthen in a field, but appear 
to saturate above 15 kOe. This may be a plateau that extends to 35 
kOe but more studies at higher fields are necessary. Within this field 
region the correlations extend to 23.6(8) Å, the length of approxi-
mately six nearest neighbors or five unit cells.

These studies have shown that a significant amount of disorder can 
lead to a dynamic ground state when combined with frustration 
at low temperatures. Other geometrically frustrated magnets also 
show that disorder plays a similar role. With the availability of zir-
conate single crystals and the possibility of solid solution between 
the spin-ice and spin-liquid candidate end members, this family 
seems to be an excellent platform for further investigations, probing 
the role of extensive disorder on the spin dynamics of pyrochlores 
and the propagation of monopoles as disorder is induced to the 
Coulomb phase. 

The above neutron diffraction measurements were carried out on 
the high-intensity neutron diffractometer, WOMBAT at the OPAL 
reactor.4 The pyrolytic-graphite monochromator was employed to 
deliver the long-wavelength neutrons (up to ~5 Å) which is very use-

ful for the studies of the magnetism. The large-area 
position-sensitive detector of Wombat enables fast 
data acquisition speed. In this work counting time of 
~1 hour per pattern is enough for 300 mg of 162Dy-en-
riched sample. Chin-Wei Wang (NSRRC) performed all 
the diffraction experiments on WOMBAT and ana-
lyzed the neutron scattering data. He also collected 
inelastic data measurements on SIKA and TAIPAN 
but the data was not presented in the current paper. 
(Reported by Chin-Wei Wang)
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This report features the work of J. G. A. Ramon and 
his collaborators published in Phys. Rev. B 99, 214442 
(2019). 

ANSTO  WOMBAT—High-intensity Powder  
  Diffractometer

•  Powder diffraction, Single Crystal Diffraction
•  Materials Science, Magnetism, Condensed-matter 
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How a Superbug Escape Antibiotic Attack?
The rise in antibiotic resistance represents one of the greatest threats to human health, with 
international organizations and governments calling for urgent action to tackle the crisis. 
Neutron diffraction has served in an investigation of how bacteria changes the membrane 
phospholipid composition to compromise antibiotic actions, which provides hints of innova-
tive bacterial membrane-based therapies for treatment.

D ominating the list of ‘red-
alert’ antibiotic resistant bac-

teria is methicillin-resistant Staph-
ylococcus aureus (MRSA), which is 
well known as Golden staph. As 
one of the most notorious human 
pathogens, S. aureus has uncanny 
ability to adapt to antibiotic and 
host immune selection pressure, 
promoting bacterial survival, per-
sistence and therapeutic failure. 
Treatment of severe MRSA infec-
tions increasingly relies on last-line 
antibiotics, including daptomycin 
(DAP). DAP targets bacterial cell 
membrane to execute its bacteri-
cidal effects and the emergence of 
resistance to daptomycin (DAP-R) 
in S. aureus is of serious concern. 
However, how S. aureus develop 
resistance is not entirely clear. 

Anton Peleg’s group at Monash 
University, Australia, discovered 
that clinical MRSA isolate was able 

to change its membrane phospho-
lipid composition via single point 
mutation in the gene responsible 
for cardiolipin biosynthesis.1 This 
compositional change of the 
membrane phospholipids led to 
daptomycin resistance. To further 
investigate the mechanism of re-
sistance, membrane bilayers mim-
icking DAP-R MRSA membrane 
were reconstituted and Chun-
Ming Wu (NSRRC) utilized the 
advantages of neutrons as a probe 
to analyze the structural changes 
on membrane bilayers caused by 
daptomycin.

Figure 1 shows the profiles of 
small-angle neutron scattering 
(SANS) of membrane bilayers. 
Synthetic phosphatidylglycerol, 
cardiolipin and lysyl-phosphatidyl-
glycerol were dissolved in chloro-
form and mixed at the molar ra-
tios of 69:12:19 and 23:60:17 for 

DAP-sensitive and DAP-R mem-
branes respectively. The lipid mix-
tures were dried under nitrogen 
and resuspended in HEPES buffer 
(5mM CaCl2, 150mM NaCl, 10mM 
HEPES, pH 7.4) with D2O using a 
water bath sonicator. Daptomy-
cin was added to the membrane 
suspension and the mixtures were 
transferred to Hellma cuvettes 
(Hellma Analytics, Germany). The 
samples were measured using the 
SANS instrument, QUOKKA, at AN-
STO over a Q range of ~0.02–0.21 
Å-1 where Q = 4π/λ·sinθ, with λ = 
5 Å, ∆λ/λ = 10% resolution and 
the scattering angle 2θ, providing 
a length scale of 3–31.4 nm. The 
distances of source-to-sample 
(L1) and sample-to-detector (L2) 
were 4 meters, with source and 
sample apertures of 50 mm and 5 
mm in diameter respectively. The 
data were reduced using SANS 
reduction macros developed at 
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the National Institute of Stan-
dards and Technology Center for 
Neutron Research, USA within the 
Igor software package modified 
for the QUOKKA instrument, and 

Fig. 1: Small-angle neutron scatter-
ing profiles measured for (a) 
DAP-sensitive and (b) DAP-re-
sistant membranes treated with 
and without daptomycin (4 μg/
mL). The arrow indicates the lipid 
bilayer, whereas the star indicates 
the Bragg peak as the sign of 
micelle formation. [Reproduced 
from Ref. 1]

Fig. 2: Daptomycin micelle formation in the DAP-sensitive membrane as determined by small-angle neutron scattering. (a) The 
Bragg peak corresponding to the daptomycin micelle (as seen in Fig. 1(a)) was extracted for the calculation of the daptomycin 
micelle size and subunits using core-shell modelling. (b) Schematic illustration of the daptomycin micelle formed within the 
membrane. [Reproduced from Ref. 1]

transformed to absolute scale by the use of an attenuated direct beam 
transmission measurement.2,3 At a clinically relevant daptomycin concen-
tration of 4 μg/ml, daptomycin penetration and aggregation straddling 
the bilayer membrane for DAP-sensitive membrane was observed (Fig. 
1(a)). However, DAP-R membrane resisted daptomycin actions on mem-
brane (Fig. 1(b)).

Figure 2 shows the deduction of daptomycin-bound membrane struc-
ture. The data obtained from HEPES buffer in D2O alone was used for 
background subtraction using the Igor pro package.2 The spectra were 
analyzed using in-built algorithms within the SASview package 4.1 
(http://www.sasview.org/). The standard core-shell and hollow-cylinder 
models were utilized for the fitting of the daptomycin micelles to calcu-
late the radius of the core (Rc) and the thickness of the micelle (Rm).4 It 
was estimated that DAP contains a 28 ± 0.86 Å radius spherical micelle 
structure within the DAP-sensitive membrane bilayer. This micelle struc-
ture was not observed in DAP-R membrane. Taken together, these results 
show that MRSA adapts during treatment with daptomycin in human 
infections by changing its membrane phospholipid content, which leads 
to a membrane that resists daptomycin membrane penetration and dis-
ruption. (Reported by Hsin-Hui Shen, Monash University)

This report features the work of Anton Peleg and his collaborators, pub-
lished in Proc. Natl. Acad. Sci. USA 116, 3722 (2019).

ANSTO  QUOKKA—Small-angle Neutron Scattering
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Multifunctional Nano-Carrier as a Potential  
Micro-RNA Delivery Vehicle for Neuroblastoma  
Treatment
In this study, positively charged magnetic Nano-carriers comprising cross-linked polyeth-
yleneimine− tripolyphosphate− Magnetic nanoparticles (PEI–TMNPs) were developed using 
the co-precipitation method. MNPs offer vast opportunities for drug/gene delivery. Iron ox-
ide nanoparticles (IONPs) are available for imaging, diagnostic, and therapeutic applications.

S everal types of nanoparticles (NPs) such as mag-
netic nanoparticles (MNPs) present promising 

opportunities for drug/gene delivery. Iron oxide 
nanoparticles (IONPs) with magnetic properties may 
be used for imaging, diagnostic, and therapeutic ap-
plications. These IONPs have diameters ranging from 
1 to 100 nm and display a core of iron oxide (Fe3O4) 
or maghemite (Fe2O3) or a nonstoichiometric config-
uration of both. IONPs are the most potent nanoma-
terials in nanomedicine, owing to their exceptional 
physicochemical characteristics and excellent bio-
compatibility, non-toxicity, and stability in aqueous 
solutions. IONPs with bare surfaces tend to aggregate 
because of the strong magnetic attraction between 
these particles.1−3

The aggregation of IONPs may be resolved with its 
surface coating using polymer materials. Numerous 
studies have shown the successful delivery of PEI-
based non-viral vectors into target tumors. Moreover, 
sodium TPP is a polyvalent anion with three negative-
ly charged phosphate groups. TPP fragments display 
several attachment points that allow the fabrication 
of PEI–TMNP. The presence of polyanionic charges on 
TPP has allowed it's cross-linking with other polymers 
for RNA/DNA delivery.2−5

X-ray absorption near edge structure (XANES) and ex-
tended X-ray absorption fine structure (EXAFS) anal-
ysis were performed to understand the fine structure 
and Fe atomic arrangement in terms of bond distance 
and co-ordination number. The experiment was per-
formed at TLS 17C1. Small-angle neutron scattering 
(SANS) measurements were obtained on BILBY with 
an OPAL research reactor at ANSTO. Scattering exper-
iments for each sample at a continuous q range of 
0.005 < q < 0.4 Å−1 were performed. Structural chang-
es were measured at temperatures of 25, 37, and 55 
°C. An alternative magnetic field (AMF) was applied 
using in vitro magnetic field generator (MFG) 1000 
(E0200, EURIS, Sweden).

SANS was used to probe changes in the core-shell 
structure of PEI–TMNPs before and after the addition 
of an external magnetic field. In this study, positively 
charged magnetic Nano-carriers comprising cross-
linked PEI–TMNP were developed using the co-pre-
cipitation method. The PEI–TMNP samples at different 
PEI concentrations expressed as PEI–TMNP-x (x = 1, 2, 
3 or 4).

Kuen-Song Lin (Yuan Ze University) and his group 
thoroughly examined the nature of the iron products 
using the XANES technique to obtain information 
related to electronic configuration, stereochemis-
try, and oxidation states of Fe atoms in MNP and 
PEI–TMNP. As shown in Fig. 1(a), XANES spectra of 
Fe atom in MNP, and PEI–TMNP samples exhibited 
an absorbance feature (Fe = 7114 eV) of 1s to 3d 
transition. In comparison with the standard spectra, 
the XANES spectra of products were similar to those 
of the Fe3O4 standard. The transition intensity was 
very sensitive to the co-ordination symmetry. For iron 
oxides, 1s→3d peak intensity of Fe K-edge XANES was 
governed by the average coordination number and 
the symmetry of oxygen anions coordinated to the 
central iron cation.

Fe K-edge EXAFS spectroscopy may provide informa-
tion about the atomic arrangement of Fe species in 
terms of bond distance, co-ordination number, and 
types of neighbors. Fig. 1(b) shows the fine structure 
parameters of MNP and PEI–TMNP at different PEI 
concentrations. EXAFS fitting results for the oxygen 
shell listed in Table 1 suggest that MNP and PEI–
TMNP have Fe atoms at the center that are primarily 
coordinated by Fe–O. The standard Fe–O bond dis-
tance in MNP and PEI–TMNP-x (x = 1, 2, 3, or 4) was 
1.95 Å, with a coordination number of 4.30, 4.05, 
4.08, 4.13, and 3.86, respectively. In all samples, the 
Debye-Waller factor (σ2) was less than 0.014 (Å2). The 
coordination number of the nearest O shell oscillated 
between samples, suggestive of the protective role of 
the coated polymer material.
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The structural changes in PEI–
TMNP-2 in response to the change 
in temperature and upon appli-
cation of AMF at 0.5 mT external 
magnetic field at 37 °C were stud-
ied using SANS spectra. As shown 
in Fig. 2(a), PEI polymer is not very 
sensitive to temperature change. 
The primary results of the AMF ap-
plication highlighted the changes 
in temperature in response to the 
applied magnetic field (Fig. 2(b)). 
AMF triggered core heat genera-
tion that softened the shell. This 
phenomenon would enhance 
the gene/drug release within the 
tumors, leading to the inhibition 
of tumor growth. After the expo-
sure to the magnetic field, more 
NPs were repositioned owing to 
the strong dipole-dipole attraction 
prompted by the magnetic field. 
However, further in situ experi-
ments are necessary to compre-
hend the release mechanism after 
the AMF application.

In summary, Lin used SANS to 
study the possibility of integrating 
the AMF system and SANS, which 
seems promising. He further ex-
pressed that more in-situ exper-
iments are necessary to compre-
hend the release mechanism of 
the Nano-carrier after its exposure 
to AMF. (Reported by Kuen-Song 
Lin, Yuan Ze University)

This report features the work of 
Kuen-Song Lin and his collabora-
tors published in the J. Taiwan Inst. 
Chem. E. 96, 526 (2019).

TLS 17C1  W200 – EXAFS
ANSTO  BILBY – Small-angle    

             Neutron Scattering
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Fig. 1: (a) Fe K-edge derivative XANES spectra of FeO, Fe2O3, Fe3O4, MNPs, PEI–TMNP-x 
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Fig. 2: The SANS spectra of (a) PEI–TMNP-2 at different temperatures and (b) PEI–
TMNP-2 after applied 0.5 mT external magnetic field at 37 °C. [Reproduced from 
Ref. 2]

Table. 1:  Fine structural parameters of MNP and PEI–TMNP-x (x = 1, 2, 3 or 4)

Notes: a Coordination number; b Bond distance; c Debye-Waller factor.

Samples First Shell CN ( ± 0.05)a R ( ± 0.02 Å)b ∆σ2 (Å2)c

MNP Fe–O 4.30 1.95 0.011

PEI–TMNP-1 Fe–O 4.05 1.95 0.010

PEI–TMNP-2 Fe–O 4.08 1.95 0.014

PEI–TMNP-3 Fe–O 4.13 1.95 0.013

PEI–TMNP-4 Fe–O 3.86 1.95 0.012
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